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ABSTRACT
The Effects of Endurance Exercise on 
Lipoproteins in Yucatan Miniature Swine
by
Arthur F. Stucchi 
University of New Hampshire, May 1988
The effects of chronic, endurance exercise on the 
concentration of plasma lipids and on the composition and 
metabolism of plasma lipoproteins were examined in Yucatan 
miniature swine following more than two years of intensive 
exercise training. The exercise protocol employed produced 
significant training effects, as indicated by enhanced 
cardiovascular and aerobic capacities. Lipoprotein lipase 
and hepatic triglyceride lipase activities were also 
significantly increased in the exercised group. Neither 
total plasma cholesterol nor triglycerides differed between 
the two groups. Total high-density lipoprotein cholesterol 
(HDL) was not significantly greater in the exercised swine; 
however, exercise was associated with a shift in the 
distribution of cholesterol from the HDL-three to the HDL- 
two subfraction. The significant rise in HDL-two cholesterol 
was strongly correlated with the rise in lipoprotein lipase. 
Compositional analyses of the major lipoprotein classes 
indicated several exercise-induced shifts, especially in
cholesteryl ester, free cholesterol and triglyceride 
content.
These studies also clearly demonstrated the presence of 
heterogenous low-density lipoproteins (LDL) which differed 
in lipid composition. Significant increases in the total 
lipid mass of LDL-one and LDL-two were observed in the 
exercised swine, perhaps reflecting the demonstrated 
alterations in lipoprotein lipase. Exercise had little 
effect on the fractional catabolic rates or production rates 
of either LDL subclass; hence, control and exercise data 
were pooled in order to better assess the kinetic 
characteristics of LDL subclasses in the swine model. It 
appears that LDL-one is the more metabolically active 
subclass since its fractional catabolic rate and production 
rate were significantly higher than those of LDL-two. 
Exercise also appeared to have little effect on the mass of 
Apoproteins E or C, or any of their isoforms. Furthermore, 
the Apoprotein E/C, C-II/C-III and E/C-III ratios were not 
influenced by exercise.
In toto, the results of these studies suggest that 
physical exercise is associated with subtle but significant 
changes in plasma lipids and lipoproteins, which are 
consistent with a reduced risk of coronary heart disease.
INTRODUCTION
Coronary heart disease (CHD) or atherosclerosis causes 
more than 1.5 million heart attacks resulting in over 
550,000 deaths annually in the United States (U.S.) [1].
Recent statistics from the American Heart Association (AHA) 
estimate that approximately 4.8 million Americans are 
affected with various pathologic manifestations associated 
with CHD (viz., angina, etc.). Although the mortality rate 
from cardiovascular disease has been declining steadily for 
over two decades [2] , nearly 50 percent of all deaths in the 
U.S. are still associated with CHD. Moreover, the economic 
impact of this disease exceeded $85 billion in 1987 [1].
Atherosclerosis is a multifaceted, complex disease 
process whose underlying pathophysiologic mechanisms remain 
unclear [3,4], Although numerous hypotheses have been 
proposed to explain the pathogenesis of atherosclerosis, 
research over the past decade has pointed toward a unifying 
theory recognizing multiple etiological determinants which 
have been shown to be exacerbated by the CHD risk factors 
[5]. In this theory, the arterial endothelium is purported 
to play a key role in initiating atherogenesis [ 6 ]. Once 
thought to be relatively innocuous, the normally non- 
thrombogenic endothelium "suffers" some physiologic insult 
(i.e., hypercholesterolemia, hypertension, etc.) resulting 
in a breach of its functional integrity ("injury")
2concomitant with thromboplasticity. The subsequent
interaction with blood-borne monocytes (macrophages) capable 
of penetrating into sub-endothelial layers is believed to 
trigger a chain of atherosclerotic lesion-forming events 
which include smooth muscle cell proliferation, lipid-laden 
foam cell formation and extracellular matrix alterations 
[7]. Plasma lipids and lipoproteins also appear to play a 
central rol<± in this process (see below) [8,9].
Physical Activity and Coronary Heart Disease
The recent decline in the incidence of cardiovascular 
disease in the U.S. is not fully understood; however, the 
increasing awareness of the role of such controllable risk 
factors as smoking, hypertension, hypercholesterolemia, 
obesity and physical inactivity in exacerbating athero­
sclerosis has almost certainly had a major impact on the 
decline [10]. In fact, in recognition of the magnitude of 
the role of the aforementioned risk factors in 
atherogenesis, the AHA has recently issued a coronary risk 
factor statement in an attempt to heighten public awareness 
to the controllable factors [11]. Since most of the major 
risk factors are silent, the following lifestyle changes 
were recommended to attenuate CHD: do not smoke; achieve a
desirable body weight; eat a diet low in saturated fats and 
cholesterol; and, engage in regular physical exercise. Of 
these recommendations, all with the exception of regular 
physical exercise have clinically measurable parameters 
which relate to coronary risk. However, assessing the role
3of physical fitness in ameliorating cardiovascular disease 
presents numerous challenges.
Physical exercise has been recognized since ancient 
times as a means of achieving and maintaining optimal health 
[12]. Although a sedentary lifestyle has been associated 
with an increased risk of developing premature 
atherosclerosis, it was only 30 years ago that epidemiologic 
studies began to provide evidence that strenuous, endurance- 
type exercise positively affects CHD risk factors [12,13]. 
The plethora of epidemiologic, pathologic and clinical 
studies (reviewed by Leon [12] and Powell et al.[14]) which 
followed in attempts to link physical activity to a reduced 
risk of CHD supported these earlier findings; however, 
numerous confounding factors prevented investigators from 
suggesting an absolute cause and effect relationship. More 
recent epidemiologic studies [15-17], striving to
statistically eliminate self-selection and confounding risk 
factors, strongly suggested that habitual, strenuous 
exercise indirectly offered at least partial protection from 
cardiovascular disease by attenuating the magnitude of the 
more deliterious CHD risk factors. Recent studies in 
primates by Kramsch et al. [18] have provided pathologic 
evidence supporting the epidemiologic data by demonstrating 
a reduction in the severity of coronary atherosclerosis as a 
result of moderate-intensity exercise. Hence, it appears 
that the majority of the population studies concur that 
endurance-type exercises mediate their effects via numerous
4mechanisms which ultimately reduce coronary risk. Several 
of the purported pathways by which exercise may ameliorate 
CHD are schematically represented in Figure 1.
As a result of these epidemiologic studies, it also 
appears that there may be a threshold or a dose-response 
relationship between exercise and coronary risk. In fact, 
the level of this threshold may explain many conflicting 
results from earlier studies [10]. Numerous studies have 
suggested that as few as 900 kcal of additional physical 
activity per week are required to produce beneficial 
effects; however, as much as 2,000-3,000 kcal per week of 
moderate-intensity endurance exercise may be required to 
achieve optimal coronary risk reducing effects [10,12]. 
Even though the lack of physical exercise does not appear to 
pose as great a risk for developing premature cardiovascular 
disease as does other major risk factors, a recent survey 
study [14] reviewing 43 previous investigations concluded 
that the relative coronary risk of inactivity appears to be 
similar in magnitude to that of hypertension, smoking and 
hypercholesterolemia. The authors further recommend that 
regular physical activity should be promoted as devoutly as 
are the other major risk factors in preventing CHD. 
Consequently, it appears that the existing literature 
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Figure 1. A schematic representation of the potential pathways by which exercise training 
may attenuate atherogenesis. (LPL, lipoprotein lipase; LCAT, Lecithin cholesterol 
acyl transferase; HTGL, Hepatic triglyceride lipase; VLDL, very low density lipoprotein; 
LDL, low density lipoprotein; HDL, high density lipoprotein; TG, triglyceride).
6exercise and CHD; and, further, purports that chronic, 
endurance exercise ameliorates premature atherosclerosis by 
attenuating the magnitude of the major coronary risk factors 
(figure 1). Although the underlying mechanisms remain to be 
fully elucidated, the beneficial effects of exercise on 
plasma lipoproteins has been implicated as a major factor.
Plasma Lipoproteins; Structure and Function
Under physiologic conditions, plasma lipoproteins are 
generally spherical macromolecular complexes composed of 
lipids and proteins in non-covalent association. The 
protein moiety of a lipoprotein is usually referred to as 
apoprotein or apolipoprotein [19]. Although recent research 
has ascribed a wide variety of potential roles to the 
lipoprotein complexes, their principal function involves the 
transport of exogenously (dietary) or endogenously 
(synthesized de novo in the liver) derived lipids within the 
hydrophilic environment of the plasma [20]. Constituent 
lipids in lipoproteins are utilized in various tissues 
depending on metabolic conditions: for example, fatty acids 
for oxidative metabolism in muscle; cholesterol for 
maintenance of cellular function and membrane integrity in 
most tissues, or steroid hormone biosynthesis in endocrine 
tissues; and triglycerides for storage in adipose [21,22]. 
Since the chemical milieu of plasma is primarily aqueous, 
lipoprotein particles physicochemically resemble bipolar 
micelles in which the surface consists of amphipathic 
components capable of interacting with water [23]. The
7central core of the particle is composed largely of 
hydrophobic lipids including cholesteryl esters and
triglycerides, which are surrounded by a surface monolayer 
consisting of hydrophilic phospholipids, free cholesterol 
and apoproteins (see Figure 2) [20,24,25].
Plasma lipoproteins are conventionally separated into 
five major classes on the basis of their physical and
chemical properties (Table 1); and, have been ascribed a 
nomenclature according to their hydrated buoyant densities 
under ultracentrifugation [20,26,27]. Hence, when isolated 
by density gradient ultracentrifugation [28], lipoproteins 
separate from least to most dense as follows: chylomicrons,
very low-density lipoproteins (VLDL); intermediate-density 
lipoproteins (IDL); low-density lipoproteins (LDL); and,
high-density lipoproteins (HDL). LDL and HDL of most higher 
mammals are further subdivided into two density subclasses, 
LDL-l and LDL2 and HDL2 and HDL3 [27]. In general, particle 
density is inversely proportional to size and lipid content. 
Apoproteins
As previously mentioned, the protein moiety of a
lipoprotein is generally designated as apoprotein (Apo) or 
apolipoprotein. The physical properties, synthetic sites, 
and general functions of the major apoproteins are shown in 
Table 2 [24]. It is now recognized that apoproteins are the 
metabolic programmers of lipoprotein metabolism, and, as 












Figure 2. Schematic diagram of a lipoprotein particle 
showing the hydrophobic lipids (triglyceride and 
cholesteryl ester) occupying the core of the 
particle surrounded by the more hydrophylic 
lipids (free cholesterol and phospholipids) and 
amphipathic proteins (apoproteins). (Adapted 
from E.J. Schaefer et al., 1986; G.R. Warnick, 
1985)
TABLE 1. PHYSICAL CHARACTERISTICS OF HUMAN PLASMA LIPOPROTEINS
Lipoprotein Density Electrophoretic % Composition (by Weight)
Class Range {gm/ml) Mobility Protein TG FC CE PL
Chylomicron < 0.95 Origin 2 90 1 3 4
VLDL < 1.006 Pre-Beta 8 55 7 12 18
IDL 1.006-1.019 Slow Pre-Beta 18 30 6 23 23
LDL 1.019-1.063 Beta 20 5 8 42 25
HDL 1.063-1.210 Alpha 50 2 3 20 25
Abbreviations: TG = Triglyceride; FC = Free Cholesterol; CE = Cholesteryl Ester; and
PL = Phospholipid.



















B-48 264,000 Intestine CM Structural role 
de novo synthesis.










C-III 8,800 Liver (Major) CM, VLDL, LPL inhibitor, 
HTGL inhibitor.
E 34,200 Liver CM, VLDL, 
IDL
Receptor binding.
Abbreviations; CM = Chylomicrons; LCAT = Lecithin Cholesterol Acyl transferase;
HTGL = Hepatic Triglyceride Lipase; LPL = Lipoprotein Lipase.
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ascribed to particular apoproteins. First, specific 
apoproteins are involved in the transport and redistribution 
of lipids among various tissues. Apoproteins B and E, by 
serving as recognition ligands, have been shown to mediate 
the interaction of lipoproteins with cell-surface LDL Apo 
B/E receptors. A second function of apoproteins involves 
their potential roles as cofactors for the enzymes which 
regulate lipoprotein metabolism. For example, lipoprotein 
lipase, which hydrolyzes VLDL and chylomicron triglycerides, 
requires the obligatory cofactor apoprotein c - n .  
Similarly, lecithin cholesterol acyltransferase (LCAT), 
which mediates the intravascular esterification of 
cholesterol, is activated by apoprotein A-I. Several other 
apoproteins, including apoproteins A-II, C-I and C-III, also 
retain some degree of cofactor activity and/or enzyme 
inhibition. A third function of apoproteins pertains to 
their role in the maintenance of the structural integrity of 
lipoproteins. These apoproteins, which include apoproteins 
B-100, B-48, A-I and E, appear to stabilize the spherical 
structure of their respective lipoproteins [62]. Hence, 
apoproteins play a central role in lipoprotein metabolism, 
and, pathophysiologic conditions that alter their synthesis 




Dietary cholesterol and fats are assembled by 
intestinal epithelial cells into chylomicrons [30], which 
represent the major triglyceride-transport lipoproteins in 
the postprandial state. Following secretion into the lymph 
and ultimately plasma, chylomicrons are rapidly hydrolyzed 
by the endothelium-associated enzyme, lipoprotein lipase 
(LPL), located in the capillary beds of adipose and muscle 
tissue (see Figure 3) . LPL hydrolyzes approximately 90% of 
the triglyceride, liberating free fatty acids for metabolic 
processes in these tissues [21,26]. The resulting particle, 
termed a chylomicron-remnant and still containing a high 
proportion of dietary cholesterol, is rapidly cleared by the 
liver via receptor-dependent (chylomicron E-only remnant 
receptor) pathways [31]. Overall, the role of chylomicrons 
in lipid metabolism is twofold. First, they transport 
dietary fats from sites of absorption to body tissues 
requiring these lipids (viz., muscle and adipose). Second, 
following triglyceride hydrolysis, the chylomicron-remnants 
deliver dietary cholesterol to the liver where it is 
subsequently reutilized to form other lipoproteins (VLDL) or 
to synthesize bile acids [30,31].
Endogenous Lipoproteins
The liver also synthesizes triglyceride-rich 
lipoproteins called VLDL. Although triglycerides are the 
principal constituent of VLDL, these particles also contain 





E x t r a h s p a t i c
Tissues
Figure 3. Overview of the metabolism of lipoproteins. (CM, 
chylomicrons; VLDL, very low density lipoproteins; CM- 
rem., chylomicron remnant; IDL, intermediate density 
lipoprotein or VLDL remnant; LDL, low density lipoprotein; 
HDL, high density lipoprotein; LPL, lipoprotein lipase; 
FFA, free fatty acid; HTGL, hepatic triglyceride lipase; 
LCAT, Lecithin cholesterol acyltransferase; e, chylomicron 
E-only remnant receptor, b/e, LDL apo B/E receptor; 




(Table 1) derived from de novo synthesis in the liver or 
recycled via chylomicron-remnant uptake [19]. In a manner 
similar to chylomicrons, VLDL particles are systematically 
hydrolyzed in the capillary beds of adipose and muscle 
tissues by LPL (see Figure 3) , ultimately releasing free 
fatty acids for energy and/or storage. The progressive 
delipidation of VLDL by LPL produces smaller, more dense 
particles called VLDL-remnants or IDL [31]. Interestingly, 
redundant surface components, primarily phospholipids and 
apoproteins, which are lost during hydrolysis of 
chylomicrons and VLDL can combine intravascularly to form 
nascent (new) HDL [32,33]. This pathway of HDL formation is 
quantitatively significant, and, can be greatly affected by 
various physiologic stimuli (i.e., exercise). Furthermore, 
during the hydrolysis of chylomicrons and VLDL by LPL, 
apoproteins E and C are removed and transferred to HDL, only 
to be later transferred back to newly secreted lipoproteins. 
Hence, HDL, among other functions, serves to recycle 
apoproteins. Depending on metabolic conditions and species, 
IDL can either be efficiently cleared by the liver or 
converted to LDL, the ultimate metabolic biproduct of VLDL 
catabolism [27]. The conversion of IDL to LDL involves 
further delipidation and is believed to be regulated by a 
lipolytic liver enzyme very similar to LPL called hepatic 
triglyceride lipase (HTGL) [31,34]. In humans, over 75% of 
plasma cholesterol is transported by LDL; thereby, targeting
15
this lipoprotein as a major reservoir of cholesterol 
supplying liver and extrahepatic demands [30,35].
IDL and LDL are primarily taken up by liver parenchymal 
and extrahepatic cells via high-affinity cell surface 
receptors called LDL apo B/E receptors; however, small 
amounts (ca. 20%) can be removed by nonreceptor pathways 
[35]. These receptors "recognize" and interact with apo B- 
100 of LDL and apo E of IDL to facilitate their uptake. 
Although the liver accounts for over 75% of LDL removal, 
other organs and tissues (eg. steroidogenic tissues) can 
remove significant quantities [19]. LDL receptor levels are 
tightly regulated by numerous factors including 
intracellular cholesterol levels. Since plasma LDL levels 
are inversely related to receptor numbers, the metabolic 
control of receptor synthesis can play a key role in plasma 
cholesterol concentrations [35,36].
HDL and Reverse Cholesterol Transport
As previously mentioned, HDL serves a central role in 
recycling apoproteins, thus, facilitating the intravascular 
maturation of lipoproteins [20]. HDL, unlike other 
lipoproteins, has numerous metabolic origins. Nascent HDL 
constituents can be derived from the metabolic byproducts of 
chylomicron and VLDL catabolism. As these particles are 
being hydrolyzed by LPL, their core mass is shrinking at a 
rate faster than the surface components can accommodate. 
Subsequently, small surface particles, consisting largely of 
phospholipid and protein, "pinch-off" to form nascent HDL
i
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(Figure 4) [30,33], In addition, direct production of
nascent HDL can occur in both liver and intestine [29],
Even though roost tissues are capable of endogenous 
cholesterol biosynthesis, it has become apparent from the 
aforementioned consideration of lipoprotein metabolism that 
peripheral tissues acquire cholesterol primarily by the 
uptake of cholesteryl ester rich lipoproteins (LDL and HDL). 
Under physiologic conditions, intracellular cholesterol 
concentrations are tightly regulated by essentially two 
mechanisms which facilitate intracellular cholesterol 
homeostasis. First, LDL surface-receptor expression in 
concert with hydroxymethylglutaryl coenzyme A levels (the 
rate limiting enzyme controlling cholesterol biosynthesis) 
regulate cholesterol uptake and endogenous biosynthesis in 
the cell [37], However, since cholesterol turnover is 
dynamic, a second mechanism, involving HDL, operates to 
"safeguard” against intracellular cholesterol overload under 
normal conditions.
As shown in Figure 4, HDL metabolism in plasma is 
complex and involves at least two subclasses of HDL [30]. 
Newly formed nascent HDL are purported to "pick-up" excess 
free cholesterol from peripheral cells, perhaps via 
interaction with a cell membrane HDL receptor [20]. The 
free cholesterol is esterified by the action of LCAT and 
moves to the hydropholic core of the molecule. This 










Figure 4. Overview of HDL metabolism showing the role of HDL 
in removing free cholesterol from peripheral tissues and 
facilitating reverse cholesterol transport. (FC, free 
cholesterol; CE, cholesteryl ester; HTGL, hepatic 
triglyceride lipase; LPL, lipoprotein lipase, LCAT, lecithin 
cholesterol acyltransferase).
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repeatedly, possibly involving numerous cells, until a 
spherical, relatively small HDL particle called HDL3 is 
formed [33] . HDL3 continues to interact with peripheral 
cells, and, along with the further action of LCAT, 
eventually generates a larger, less dense particle called 
HDL2 [33]. HDL2 may be cleared directly by the liver, or may 
also be delipidated and converted back to HDL3 by the action 
of hepatic triglyceride lipase (see Figure 4). HDL3, and 
especially HDL2, may also exchange cholesteryl esters with 
other lipoproteins, a process facilitated by specific 
transfer proteins found in plasma [38]. Hence, HDL not only 
plays a central role in intracellular cholesterol 
homeostasis via reverse cholesterol transport; but, 
moreover, mediates the structural remodeling of lipoproteins 
during their catabolism in plasma [39]. If the effectiveness 
of the reverse cholesterol transport system is directly 
related to plasma HDL levels, then physiologic conditions 
which raise HDL may facilitate the efficient egress of 
cholesterol from peripheral tissues [9].
Plasma Lipids. Lipoproteins and Physical Exercise
The mechanisms underlying the beneficial effects of 
physical exercise on cardiovascular disease are complex and 
involve numerous interacting pathways (Figure 1) ; however, 
exercise-induced alterations in plasma lipids and 
lipoproteins have been purported to play a central role in 
the amelioration process. Even though elevated plasma
19
cholesterol levels have long been recognized as a major risk 
factor for atherosclerosis [40,41], the various lipoprotein 
fractions (viz., LDL and HDL) whose cholesterol component 
comprises the total, are associated differently with CHD 
risk.
Numerous studies have attempted to demonstrate a 
relationship between endurance exercise and total 
cholesterol levels [42]. Several cross-sectional studies 
[43,44] did show lower total cholesterol levels in endurance 
trained athletes when compared to sedentary controls, but 
numerous confounding variables rendered these studies 
inconclusive. Likewise, reductions in the levels of the 
atherogenic LDL resulting from exercise have not been 
consistent. Although Wood and Haskell [45] and Vodak et al. 
[46] have noted decreased LDL-cholesterol (LDL-C) levels in 
endurance athletes, others [47] have failed to demonstrate 
favorable changes, despite significant training effects. 
However, recent analytical ultracentrifugation analyses have 
recognized that LDL are heterogeneous and consist of at 
least two major subspecies [48], which do not appear to be 
of equal atherogenic potential [49]. Compositional 
alterations in LDL subfractions may not be reflected in 
total LDL-C measurements, and therefore, may not completely 
characterize the effects of endurance exercise on LDL. 
Little is known about the relationship between exercise and 
LDL subfraction composition and metabolism; however, 
Williams et al. [50] recently demonstrated in humans that
20
endurance exercise appears to lower the plasma levels of the 
smaller, denser LDL particles. Hence, it appears that the 
effects of exercise on total and LDL-cholesterol (LDL-C) 
levels are variable and inconsistent. Since total 
cholesterol is a composite of the cholesterol levels of 
numerous lipoprotein subfractions, slight reductions in LDL- 
C concomitant with elevations in HDL-C may occur without a 
detectable change in total cholesterol concentrations. If 
such a reciprocal alteration were to transpire, the 
subsequent reduction in cardiovascular risk could be 
significant [51].
Regular endurance exercise has also been associated 
with marked reductions in plasma levels of VLDL, and 
consequently, of plasma triglycerides [52]. The increased 
catabolic rate of VLDL resulting from an exercise-induced 
enhancement of muscle and adipose LPL activity (see below) 
has been shown to underlie the lower triglyceride levels of 
endurance athletes [53]. Since there does not appear to be a 
relationship between triglyceride levels and atherosclerosis 
[40], the coronary significance of these changes remains 
unclear.
One of the most consistent observations detected in the 
lipoprotein profiles of endurance trained athletes has been 
a significant rise in HDL-C [54]. Cross-sectional studies 
have provided overwhelming evidence demonstrating this 
effect in endurance trained men and women [42,55]. Since 
epidemiologic evidence has firmly established a strong
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negative correlation between HDL-C levels and cardiovascular 
risk [51], the clinical significance of this effect is 
obvious. Apo A-I, the major protein component of HDL, has 
also been shown to increase with training, although not as 
consistently as HDL-C [54]. This finding may indicate that 
the lipid and protein moieties of a lipoprotein, even though 
related, may be metabolized independently [38].
In most higher mammals, two major subfractions of HDL 
are recognized: a lighter HDL2 and a more dense HDL3 [27].
Previous studies in human endurance athletes have 
demonstrated that the increase in HDL-C is primarily due to 
a rise in HDL2-C concentrations, whereas changes in HDL3-C 
in association with exercise appear inconsistent [56,57]. 
Although total HDL-C levels are inversely related to CHD, it 
appears that this correlation is even stronger for HDL2-C 
[56]. Hence, subtle exercise-induced changes in HDL-C 
subfractions may occur without altering total HDL-C levels, 
and produce significantly reduced cardiovascular risk [42]. 
Alterations in HDL subfractions are most likely the result 
of exercise-associated increases in LPL and reductions in 
HTGL (see below).
From the aforementioned studies, a relatively 
consistent pattern has emerged that relates endurance 
exercise with decreased plasma concentrations of 
triglycerides, VLDL, and perhaps LDL-C; whereas, HDL-C 
levels, particularly HDL2-C, tend to increase [55,58]. The 
physiologic mechanisms underlying these reputedly beneficial
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changes are not well understood; however, most appear to be 
associated with increased LPL activity which has been noted 
in endurance athletes [53]. LPL, present largely in adipose 
and skeletal muscle, hydrolyzes CM and VLDL triglycerides 
for energy and/or storage in these tissues (see Figure 3) . 
However, as illustrated in Figure 5 (#1), elevations in LPL 
activity have pronounced effects on lipoprotein metabolism. 
The increased catabolism of VLDL results in the decreased 
plasma triglyceride levels typically observed in endurance- 
trained humans. However, of significantly greater
importance to CHD risk, is the resulting rise in new HDL, 
especially HDL2 (Figure 5, #4) [56], The observed increases
in total HDL-C and HDL2-C associated with exercise have been 
subsequently related to decreased plasma triglycerides 
[56], Furthermore, Shepherd et al. [59] have suggested that 
VLDL-triglyceride levels are inversely related to HDL2~C, 
such that, any factor (viz., increased LPL) that causes a 
decrease in VLDL-triglycerides will mediate a rise in HDL2- 
C. Hence, HDL2-C appears to be correlated negatively with 
plasma triglycerides. Increased LPL activity may also 
facilitate an accelerated flux of lipid (free cholesterol 
and phospholipid) from VLDL to HDL; thereby, promoting the 
synthesis of the lighter, more anti-atherogenic HDL2 
particles [60], Additionally, Herbert et al. [57] have 
demonstrated prolonged survival of plasma HDL apoprotein in
E x t r a h e p a t i c
Tissues
Figure 5. Overview of lipoprotein metabolism indicating the 
locations (black arrows and numbers) of potential 
alteration by exercise. (CM, chylomicrons; VLDL, very low 
density lipoproteins; CM-rem., chylomicron remnant; IDL, 
intermediate density lipoprotein or VLDL remnant; LDL, low 
density lipoprotein; HDL, high density lipoprotein; LPL, 
lipoprotein lipase; FFA, free fatty acid; HTGL, hepatic 
triglyceride lipase; LCAT, Lecithin cholesterol 
acyltransferase; e, chylomicron E-only remnant receptor; 
b/e, LDL apo B/E receptor; A,B,C,E, apoproteins A,B,C,E, 
repsectively; FC, free cholesterol; CE, cholesteryl ester).
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runners, indicative of reduced HDL clearance (turnover). 
Hence, it appears that a twofold mechanism (ie., increased 
production and decreased clearance) results in significant 
increases in HDL-C levels in endurance athletes. The rise 
in skeletal muscle LPL may also facilitate the increased 
efficiency of fat utilization observed in endurance-trained 
athletes, a metabolic shift which tends to spare the more 
finite, work-limiting carbohydrate (glycogen) levels.
HTGL has also been shown to be intimately involved in 
HDL metabolism, especially in HDL2 subfraction 
interconversions and clearance by the liver (see Figure 4) 
[39]. Furthermore, HTGL activity has been shown to decrease 
with endurance training in humans; thereby, eliciting an 
inverse correlation between HTGL and HDL2-C levels [61], 
Decreased HTGL levels further prolong the half-life of HDL2 
by reducing plasma clearance rates? thus, increasing the 
potential for reverse cholesterol transport (Figure 5, #3). 
Additionally, HTGL has been purported to mediate the 
conversion of IDL to LDL [31]. Subsequent reductions in HTGL 
levels, by decreasing the conversion of IDL to the more 
atherogenic LDL, may underlie lower LDL-C levels reported in 
some studies (Figure 5, #2) [45]. If the efficiency of IDL
clearance does, in fact, determine LDL concentrations [31], 
and, the rate of IDL to LDL conversion is reduced due to 
lowered HTGL activity, then exercise may enhance the removal 
of IDL (figure 5, #5) . Although recent studies [53] have
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shown evidence to suggest this pathway, its actual 
occurrence in vivo has not been demonstrated.
The enzyme LCAT, which promotes the esterification of 
peripherally-derived free cholesterol in plasma, also plays 
an important role in the formation of mature HDL (figure 4). 
Several studies [53,63] have demonstrated an increase in 
LCAT activity following endurance training in humans, which 
was correlated directly with an increase in HDL-C 
concentrations. The exercise-induced enhancement of this 
enzyme (figure 5, #3) further facilitates the removal of
free cholesterol from peripheral tissues; and, moreover, 
increases the potential for reverse cholesterol transport.
Hence, it appears that the exercise-modification of 
several key enzymes which modulate lipoprotein metabolism 
provides a link between physical activity and several 
beneficial changes in lipids and lipoproteins. The most 
significant of these changes with respect to CHD risk is the 
increase in HDL, whose function is magnified by exercise- 
induced ancillary mechanisms (increased LPL and LCAT and 
decreased HTGL) which potentiate its role in reverse 
cholesterol transport. However, there are probably as many 
preventative modalities of CHD as there are prospective 
etiologies. In addition to facilitating a more favorable 
plasma lipid profile, exercise serves to catalyze the 
attenuation of a host of potentially atherogenic factors 
(see figure 1). The successful prevention of cardiovascular 
disease must involve the simultaneous control of numerous
i
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risk factors, and, a regular regimen of physical activity 
has been shown to achieve this function [16].
Swine in Atherosclerosis Research
The use of animal models has greatly facilitated our 
understanding of human atherogenesis. Numerous models, 
ranging from avians to nonhuman primates, are currently 
being utilized to study atherosclerosis; however, few 
possess all the suitable characteristics necessary to 
adequately study the pathogenic sequelae of events as they 
would occur in humans [7].
Prior to considering an animal model for human 
atherosclerosis, several criteria should be addressed. 
Basic considerations such as low maintenance cost, ease of 
handling, and well-defined genetic characteristics are 
standard criteria when assessing any research model [64]. 
However, an acceptable model must demonstrate key 
pathophysiological aspects of the disease process. A recent 
treatise by Jokinen et al. [64] describes these properties. 
Of utmost importance, atherosclerotic lesions must develop 
spontaneously and in anatomical locations similar to humans, 
while the animal consumes a diet considered reasonable for 
the species [64]. Preferably, plaque formation should typify 
a natural progression from fatty streaks through fiberous 
plaque to an advanced complicated lesion, and develop slowly 
over the lifetime of the animal. Ideally, the disease 
should be more common in males and exacerbated by dietary
i
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(high fat and/or high cholesterol) or disease (diabetes, 
hypertension) insults.
Although no single model meets all of the 
aforementioned criteria, swine have been considered by many 
[64-67] to be the ideal animal model for human 
atherosclerosis. Healthy swine, consuming diets similar in 
fat content to humans, have been shown to develop 
spontaneous lesions which were similar in morphology and 
anatomical distribution (ie., branchpoints) to those of 
humans [66]. The similarity of the coronary arterial systems 
between swine and humans greatly facilitates end-organ 
disease comparisons [68],
The plasma lipoprotein profile of swine have also been 
shown to be remarkably similar to those in humans [27]. In 
fact, swine are one of the few mammals, other than nonhuman 
primates, whose LDL exhibit heterogeneous properties 
(polydispersity) similar to those in humans [69,70], High 
fat and cholesterol feeding induces hypercholesterolemia in 
swine accompanied by hyperlipoproteinemic profiles which are 
also similar to those of humans [71,72]. Furthermore, the 
distribution and morphological characteristics of diet- 
induced lesions have been shown to parallel human lesions 
[73].
Of equal importance to the aforementioned physiological 
properties, and with respect to these studies, has been the 
documentation that miniature swine are readily adaptable to 
chronic, dynamic exercise regimens [68,74,75]. Furthermore,
4
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swine physiologically adapt to exercise in a markedly 
similar fashion to humans [76]. Hence, swine are rapidly 
becoming the animal model of choice, over the dog, to study 
the effects of exercise on cardiovascular electrophysiology 
and hemodynamics, as well as on ischemic heart disease [68]. 
For reasons such as these [64], swine have become a valuable 
model for numerous aspects of cardiovascular research as 
they relate to humans.
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PART ONE
THE EFFECTS OF ENDURANCE EXERCISE ON PLASMA 
LIPOPROTEINS IN YUCATAN MINIATURE SWINE.
I. PLASMA LIPIDS AND LIPOPROTEIN COMPOSITION
36
SUMMARY
The effects of chronic, aerobic exercise on the 
concentration of plasma lipids and lipoproteins and on 
lipoprotein compositions were examined in female Yucatan 
miniature swine following more than two years of intensive 
training. The exercise protocol employed produced 
significant training effects, as measured by several indices 
of cardiovascular and aerobic capacity (viz., resting heart 
rate, citrate synthase and post-heparin lipolytic 
activities). Although total plasma cholesterol and 
triglycerides did not differ significantly (p=0.08) between 
the exercised and control groups, multivariate analysis 
indicated a strong treatment effect (pcO.OOOl) on 
lipoprotein lipase (LPL) and high density lipoprotein2~ 
cholesterol (HDL2~C). Total HDL-C was not significantly 
greater in the exercised group (p<0.1); however, exercise 
was associated with a shift in the distribution of 
cholesterol from the HDL3 to the HDL2 fractions, perhaps 
mediated by the substantial increase in LPL. Compositional 
analyses of the major lipoprotein classes indicated several 
exercise-induced shifts, especially in cholesteryl ester, 
free cholesterol and triglyceride content. These data, when 
considered in toto. suggest that subtle but beneficial 
changes in plasma lipids, lipoproteins and lipoprotein 
compositions produced by aerobic exercise may attenuate 
atherogenesis and, thereby, support the hypothesis that
38
regular physical exercise is associated with a reduced risk 




Numerous epidemiologic studies have indicated that 
regular physical exercise reduces the risk of 
atherosclerosis [1], Animal studies provide evidence that 
endurance exercise can reduce the magnitude of coronary 
atherosclerosis, lending credence to the epidemiological 
data. For example, Kramsch et al. [2] demonstrated that 
regular, moderate-intensity exercise can retard coronary 
atherosclerotic lesions and widen coronary arteries in 
primates fed atherogenic diets. Regular physical activity 
also usually promotes more prudent dietary habits, as well 
as improved control of other risk factors such as obesity, 
stress and hypertension [3). Therefore, given the 
complexity of the disease process, involving numerous risk 
factors, the beneficial role of exercise in and of itself 
may be obscured. However, there is no question that regular 
physical activity in humans lowers the mortality rate due to 
coronary heart disease [1 ].
In general, chronic exercise has been shown to elevate 
plasma high density lipoprotein-cholesterol (HDL-C) levels 
while lowering plasma triglycerides; however, total plasma 
cholesterol levels seldom change significantly [4,5]. 
Although elevated plasma lipid and low density lipoprotein 
concentrations have been clearly identified as risk factors 
for atherosclerosis [6 ], the efficacy of physical exercise
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in decreasing risks associated with elevated plasma lipids 
remains unclear.
Swine have been recognized as an excellent model in 
which to study the pathogenesis of spontaneous and induced 
atherosclerosis [7]. The morphological and biochemical 
characteristics of swine atherosclerotic lesions closely 
parallel those observed in the human disease process. The 
serum lipoprotein profile of swine closely resembles that of 
humans; and, for this reason, swine have been utilized in a 
variety of studies correlating exercise, lipoprotein 
metabolism and atherogenesis. Additionally, the Yucatan 
miniature swine has an aerobic capacity similar to that of 
humans, with comparable physiological and cardiovascular 
responses to exercise [8 ].
Recent evidence from longitudinal training studies [9] 
suggest that a dose-response relationship exists between 
exercise intensity and duration and subsequent lipoprotein 
changes. Furthermore, these studies purport that relatively 
short term (2-4 months) exercise regimens may produce only 
transient alterations in lipoproteins that do not result in 
those beneficial changes observed in studies lasting a year 
or more. Several studies in swine have been unable to 
demonstrate significant alterations in total plasma 
cholesterol or HDL-C levels as a result of exercise [10-12]. 
Although Link et al. [13] were unable to show beneficial 
effects of exercise on plasma lipids in cholesterol-fed
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swine, they did demonstrate a significant reduction in gross 
atheromatous lesions of the aorta in the exercised group. Of 
the aforementioned studies in swine, the longest training 
regimen lasted only 7 months, while the remainder averaged 
2-4 months. Hence, we designed a training regimen lasting 
for at least two years, in order to maximize intensity and 
duration in an attempt to exceed a response threshold that 
previous investigators may not have attained.
In most higher mammals and nonhuman primates, HDL are 
polydisperse consisting of at least two subfractions: HDL2  
and HDL3  [14]. The increase in HDL-C seen in human endurance 
athletes is primarily due to a rise in HDL2 -C, the HDL 
subclass most positively correlated with the concomitantly 
increased lipoprotein lipase (LPL) activity [15,16]. Even 
though swine possess an active lipoprotein lipase system, 
their HDL have been shown to contain little or no HDL2
[17], Since the previously cited investigators utilizing 
exercised swine did not subfractionate HDL, the effects of 
exercise on swine HDL subfractions remain unclear. However, 
it has been demonstrated that HDL2-like particles can be 
synthesized in vitro from components known to exist in swine
[18]. In addition to the effects of LPL, HDL metabolism has 
been shown to be regulated by the activity of hepatic 
triglyceride lipase (HTGL) [19]. Kuusi et al. [20] has 
reported that exercise-induced changes in HTGL are inversely 
related to HDL and HDL2  cholesterol levels, suggesting a 
role of HTGL in HDL catabolism.
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The purpose of this investigation was to examine 
changes in lipoprotein composition and HDL subfractions 
after a chronic, dynamic aerobic exercise regimen of more 
than two years; and, further, to determine whether 
perturbations in lipolytic systems correlate with altered 
lipoprotein subfractions. The swine utilized in this study 
were fed purified diets containing 30% of the calories 
supplied as fat which typifies prudent dietary habits. This 
design should eliminate potential effects due to genetic 
hypo- or hyperresponsiveness. Moreover, since the training 
effect on blood lipids tends to be attenuated in females on 
low-fat diets [2 1 ], use of females in this design represents 
the "least expected" response such that significant changes 
due to exercise should further our understanding of the role 





Thirteen one-year old female Yucatan miniature swine 
were assigned randomly to either an exercise (n=8 ) or non­
exercise (n=5) group. Littermates were not assigned to the 
same group. Swine were housed in 60 sq. ft. pens (3 per pen) 
under environmentally controlled conditions with ad libitum 
access to water, as described by Parsons and Wells [22]. 
Lighting was maintained in 12 hour cycles. All swine were 
fed approximately 800 g per day of a commercially blended 
30% fat diet (Agway Feeds, Syracuse,N.Y.) (Table 1) which 
approximated the balance recommended in the U.S. dietary 
goals [23], and met all nutrient requirements for growth and 
maintenance. Animals used in this study were maintained in 
accordance with the Public Health Service Policy on humane 
care and use of laboratory animals as per the Guide for the 
Care and Use of Laboratory Animals. Protocols for animal use 
were reviewed, approved, and monitored by the University's 
Animal Care and Use Committee.
Exercise Protocol
Miniature swine were trained to run on motorized belt- 
type treadmills as previously described [24]. The exercise- 
trained animals were run at speeds designed to elicit heart 
rates of approximately 80% of their maximal heart rate as 
determined by stress tests. Speeds were regularly adjusted
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as the animals adapted to the training regimen. Training 
periods averaged forty-five minutes per day, five times per 
week at speeds up to 9.5-10 km/hr (6.2 mph) , and were 
continued for over two years. Appropriate warm-up and cool­
down periods were included in the total distances which 
averaged 32 km (20 miles) per week per animal. Non­
exercised animals were walked on the treadmill three times 
per week for 5 minutes, at a speed of 3 km/hr (2 mph) . 
Resting heart rates were monitored periodically to assess 
the animals response to the training program.
Blood and Tissue Specimens
Following an overnight fast of 16 hours, blood samples 
for lipoprotein preparations were collected from the 
anterior vena cava into EDTA vacutainers (1.5 mg/ml) , to 
which a final concentration of 0.125% N-ethylmaleimide 
(Sigma Chemical Co., St. Louis, MO) was added to inhibit 
plasma lecithin:cholesterol acyltransferase (LCAT) activity. 
Plasma was separated by low speed centrifugation (1500 x g) 
at 4°C. Plasma samples not used immediately were stabilized 
by the addition of 20mM butylated hydroxytoluene (BHT) and 
0.05% sodium azide (NaN3), and stored at 4°C for no longer 
than 24 hours.
Blood samples for plasma lipids (viz., total 
cholesterol, HDL-C, HDL2 -C, triglycerides and phospholipids) 
were also collected from the anterior vena cava in EDTA (1.5 
mg/ml). To obtain basal estimates of plasma lipids, an
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average of four samples taken over 4 consecutive weeks was 
used in order to minimize cyclic fluctuations which have 
been shown to occur in female miniature swine [25].
Blood samples for the measurement of lipase activities 
were collected in EDTA tubes (1.5 mg/ml) 20 minutes after an 
intravenous injection of heparin (sodium heparin, 1000 USP 
units/ml; Lyphomed Inc., Rosemont, IL) at a dose of 200 
IU/kg. Post-heparin plasma was separated by low speed 
centrifugation (1500 x g) and stored at -70°C until assayed.
Tissue samples for citrate synthase analyses were 
obtained via surgical biopsy from the hindlimb biceps 
femoris, posterior [26], a muscle group highly recruited 
during aerobic quadrupedal exercise [27,28]. Biopsy samples 
were immediately frozen and stored in liquid nitrogen until 
assayed.
Lipoprotein Preparations
Very low density lipoproteins (VLDL, d < 1.006 g/ml), 
low density lipoproteins (LDL, d = 1.019-1.063 g/ml) and 
high density lipoproteins (HDL, d = 1.063-1.21 g/ml) were 
isolated by a single ultracentrifugation in a density 
gradient [29] utilizing a Beckman SW 41 rotor. Following 
40 hours of ultracentrifugation at 39,000 rpm (195,000 x g) 
and at 10°C, 0.5 ml fractions were sequentially collected
from the top with an ISCO density gradient fractions tor
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(Lincoln, NE) . Corresponding fractions were pooled for 
lipid and protein analyses described below.
HDL2  (d = 1.063-1.125 g/ml) and HDL3  (d = 1.125-1.210 
g/ml) were isolated from the supernatant by the 
ultracentrifugal method of Demacker et al. [30] following 
heparin-manganese precipitation of whole plasma (see below) 
[31]. After removing an aliquot of the supernatant for 
determining total HDL-cholesterol, the density was increased 
to 1.125 g/ml with solid NaBr. Two ml of the adjusted 
supernatant was overlaid with a 1.125 g/ml salt solution and 
centrifuged at 10°C in a Beckman T 50 fixed angle rotor for 
45 h at 45,000 rpm (75,000 x g) . The top one ml (HDL2) was 
removed by aspiration, dialyzed and assayed for cholesterol 
(HDL2 -C) . HDL 3 -C was then calculated as the difference 
between total HDL-C and HDL2 -C. Actual cholesterol 
determinations of the infranatant (HDL3) following 
ultracentrifugation compared closely (±5%) with calculated 
values.
The isolation of LDL 3  (d = 1.027-1.052 g/ml) and LDL2  
(d = 1.052-1.063 g/ml) required a combination of
differential and density gradient ultracentrifugation [32]. 
Total plasma lipoproteins were first concentrated by 
ultracentrifugation. Whole plasma adjusted to a background 
density of 1.21 g/ml with solid KBr [33] was centrifuged in 
a Beckman 80 Ti fixed angle rotor for 24 h at 70,000 rpm 
(350,000 x g) and at 10°C. The top 2.0 ml was removed by
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aspiration and the density increased to 1.25 g/ml with solid 
KBr. Approximately 4 ml of the concentrated lipoprotein 
solution was overlaid with a 1 . 1 0  g/ml salt solution and 
then distilled water in equal volumes. Following 24 h of 
centrifugation at 10°C in a Beckman SW 41 rotor at 40,000 
rpm (2 0 0 , 0 0 0  x g) , LDL^ and LDL2 fractions were collected 
by aspiration. LDL from swine fed our diets is pale yellow 
and can easily be identified in the gradient; however, tubes 
containing lipoproteins prestained with a 0 .1 % solution of 
Sudan Black in ethylene glycol were used as references to 
confirm the locations of unstained lipoproteins [34].
All isolated lipoprotein fractions were dialyzed 
overnight at 4°C against 100 volumes of a 0.9% NaCl solution 
containing 0.01% EDTA and 0.05% NaN3  at pH 7.0.
The purity of all lipoprotein fractions was verified by 
agarose gel electrophoresis [35] and/or 12.5% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [36]. 
Fractions found to contain albumin or contaminating 
apoproteins by SDS-PAGE were not utilized in subsequent 
lipoprotein characterizations.
Analytical Methods
Total protein determinations were performed by the 
method of Sedmak and Grossberg [37] using bovine serum 
albumin (fraction V; Sigma Chemical Co., St. Louis, MO) as a 
standard. Plasma cholesterol [38] and triglycerides [39] 
were quantified by enzymatic methods. The measurement of
i
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unesterified cholesterol was performed by omitting the 
cholesterol esterase from the enzymatic reagent above [38]. 
Phospholipids were quantitated utilizing a Phospholipid Test 
Set (#948000, Boehringer Mannheim Diagnostics, Indianapolis, 
IN) .
HDL-cholesterol was determined following heparin- 
manganese precipitation of VLDL and LDL [31]. Completeness 
of precipitation was assessed by performing agarose gel 
electrophoresis [35] of the supernatant. No contaminants 
from VLDL or LDL were detected.
Lipoprotein lipase (LPL) and hepatic triglyceride 
lipase (HTGL) activities were measured in postheparin plasma 
by the method of Thompson et al. [40]. Citrate synthase 
activity was assayed over a 5-minute interval as described 
by Shepherd and Garland [41].
Apoprotein A-l (Apo A-l) concentrations were estimated 
by scanning densitometry. Apo A-l, the major apoprotein of 
porcine HDL [42], was first separated by SDS-PAGE [36], and 
protein bands were stained overnight with 0.25% Coomassie 
blue R-250. Apo A-l was identified by its apparent molecular 
weight (approximately 26,000 daltons) as compared to 
molecular weight standards (Bio-Rad Labs, Richmond, Ca.). 
Apo A-l concentrations were determined by running standard 
gels containing known concentrations of both monomeric 
bovine serum albumin (ICN Immunobiochemicals, Lisle,II.) and 
porcine Apo A-l. The standard curves were linear from 2 to
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30 ug, and the quantity of unknown porcine Apo A-X was found 
to be directly proportional to the amount of dye bound in 
that range. Gels were scanned at 550 nm utilizing a Helena 
Quick Scan R&D densitometer interfaced with a Helena Quick 
Quant II-T peak integrator (Helena Labs Beaumont, Tx.). 
Since porcine HDL is greater than 99% Apo A-l, HDL protein 
levels also correlated well with Apo A-l values obtained by 
scanning.
Plasma volumes were estimated by isotopic dilution from 
the 1 0  minute postinjection counts of a metabolic turnover 
study utilizing 1 3 1 I. Resting heart rates were obtained by 
telemetry in the early morning.
Statistical Analyses
Differences between group means of the lipoprotein 
compositions (table 5) expressed as constituent ratios were 
analyzed using a Student's t-test [43], Square root 
transformation was performed on data expressed as 
percentages prior to statistical analyses (table 3). Plasma 
lipids (table 3) and the various training parameters (table 
2 ) were analyzed by multivariate analysis of variance 




The exercise protocol employed produced significant 
training effects as measured by several indices of 
cardiovascular and aerobic capacity (Table 2) . Resting 
heart rates were significantly lower in the exercise- 
trained swine, and citrate synthase (a key enzyme in 
aerobic/oxidative metabolism) activity in the biceps femoris 
muscle was found to be significantly higher in the 
exercise-trained group. Although body weights were not 
significantly different between control and exercised 
groups, the exercised swine did appear leaner at the peak of 
the training regimen.
Postheparin lipolytic activities were also 
significantly higher in the trained animals (Table 2) . LPL 
levels in the exercised group were 84% greater than in 
controls as a result of exercise, while HTGL levels were 
6 6 % greater. Since plasma volumes were not significantly 
higher in the exercised group (49.80 + 2.6 mls/kg vs. 4 5.30 
+ 2.7), postheparin lipolytic values were not volume
corrected.
The effects of exercise on plasma lipids and 
lipoprotein cholesterol levels are presented in Table 3. 
Neither total plasma cholesterol, triglycerides (P=0.08) nor 
phospholipids differed significantly between the two groups. 
Multivariate analysis indicated a strong treatment
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(exercise) effect on LPL and HDL2-C (P<0.0001), as well as a 
substantial, but not statistically significant, effect on 
HDL-C and triglycerides (P=.10). Although total HDL- 
cholesterol levels were not significantly different between 
the two groups, HDL2-C levels were four times greater in 
the exercised than in the control group. Exercise resulted 
in a significant shift in the distribution of cholesterol 
from the HDL 3  to the HDL 2  fraction (p<0.05).
HDL apoprotein levels, representing primarily Apo A-l, 
were not significantly affected by exercise. There was no 
detectable Apo A-II in either group. SDS-PAGE (12.5%) of
VLDL, LDL, and HDL revealed no exercise-related differences
in the distribution of apoproteins, with VLDL and LDL 
containing only apo B (Figure 1) . However, two dimensional
electrophoresis of pooled VLDL demonstrated the presence of
apoproteins C-II, C-III, and E (not shown) [44].
Exercise had little effect on the distribution of 
cholesterol throughout the VLDL, LDL^ and LDL2  fractions 
(Table 4) , and IDL was not detectable by either sequential 
or density gradient ultracentrifugation. Exercise appears 
to have potentiated a shift in the distribution of 
cholesterol from the HDL 3  to the HDL 2  fraction.
The influence of exercise on the composition of VLDL, 
LDL and HDL is shown in Table 5. Although significant 
differences were not detected, in part due to the degree of 
animal variation, noteworthy trends were identified. The
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VLDL of the exercise swine contained relatively more 
cholesteryl ester and phospholipid, and less free 
cholesterol. Of particular interest was the 12.5% decrease 
in VLDL triglyceride as a result of exercise. The 
constituent ratios for these factors followed a similar 
pattern, even though the protein content of VLDL was highly 
variable. The composition of LDL varied little as a result 
of exercise. The percent distribution of free cholesterol, 
triglyceride and phospholipid were all slightly increased in 
the exercise group, as evidenced by their higher constituent 
ratios. The HDL of the exercise swine contained 13% less 
cholesteryl ester and 11% less phospholipid; however, HDL 
was enriched with triglyceride and total protein by 2 2 % and 
8 % respectively as a result of exercise. The constituent 




Ingredients_____________________ % in diet
yellow corn # 2 29. 0
soybean meal 30.0








calcium carbonate 0. 69
cholesterol 50 mg/kg
P/S ratio l .o
% kcal as fat 30.0
kcals/kg 3,000
aSupplied the following nutrients per kg of 
diet: Vitamin A, 8000 IU; Vitamin D, 1650 IU; 
vitamin E, 16.5 IU; riboflavin, 5 mg; niacin , 35 
mg; pantothenic acid, 16 mg; Vitamin B-12, 30 ug; 
choline, 330 mg; selenium, 0.15 mg; iodine, 0.7 
ppm; copper, 20 ppm; iron, 265 ppm; manganese, 65 
ppm; zinc, 165 ppm; magnesium, 0.12% .
Table 2. Effects of exercise on lipolytic and muscle enzymes, plasma volume, 
resting heart rate and body weight
1 1Group LPL HTGL Citrate „ Plasma, Resting Body
Synthase Volume HR Wt(kg)
Exercise 10.35  4.2 22.5 49.8 55.8 70.9
+0.45 +0.44 +1.6 +2.6 +3.4 +3.3
Control 5.6 2.5 17.5 45.3 71.4 78.9
+0.49 +0.24 +1.5 +2.7 +5.4 +3.2
P<0.05 S S S NS S NS
1) umoles FFA/ml/hr. 2) mM citrate/min/gm tissue. 3) ml/kg 4) beats/min.
5) values are mean + SEM for four exercise and five control swine.
Abbreviations: LPL,1ipoprotein lipase; HTGL,hepatic triglyceride lipase.
Table 3. Effects of exercise on plasma lipids, lipoprotein cholesterol and HDL-apoprotein levels
Group TC . , HDL-C. VLDL & LDL-C TG PL HDL-APO TC HDL.-C HDL,-C % - %
mg/dl mg/dl mg/dl5 mg/dl mg/dl mg/dl® HDL-C rag/fll mg/dl HDL2~C HDL-j-C
Exercise 93.43 58.0 35.4 24.7 105.5 38.6 1.6 4.9 53.1 8.4 91.6
+2.8 +2.1 +2.8 +1.7 +5.5 +3.4 +0.07 +1.5 +1.5 +2.6 +2.6
Control 91.6 53.6 38.0 30.3 94.7 42.8 1.7 1.2 52.4 2.2 97.8
+4.2 +1.5 +3.5 +2.6 +6.1 +3.7 +0.06 +0.49 +0.49 +0.91 +0.92
P<0.05 NS NS NS NS NS NS NS S NS S S
1) Esterified and unesterified cholesterol. 2) Plasma lipid values represent the means of values from duplicate samples over 
4 consecutive weeks. 3) Values are mean + SEM for 8 exercise and 5 control swine. 4) HDL-C determined after heparin- 
manganese precipitation. 5) VLDL t LDL cholesterol determined as difference between whole plasma and the HDL-C. 6) HCL 
apoprotein is equivalent to HDL apo A-l since SDS-PAGE shows only aFO A-l in HDL (see figure 1). 7) Expressed as percent or 
total HDL.
Abbreviations: TC,total cholesterol: TG,total triglycerides: PL,total phospholipids; HDL-apo,HDL apoprotein.
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Figure 1. SDS-PAGE (12.5%) of typical fractions obtained 
from density gradient ultracentrifugation. Lane 1, 
molecular weight markers in kilodaltons; Lanes 
2-4, VLDL, LDL and HDL respectively of control 
swine; Lanes 5-7, VLDL, LDL and HDL respectively 
of exercise swine.






Percent distribution of total cholesterol among ultracentrifugal fractions of typical exercise 
and control miniature swine
VLDL IDL LDLj LDL^ HDL2 HDL^
d<l,006 d-1.006-1.019 d=l.027-1.052 d=l.052-1.063 d=l.063-1.125 d=l.125-1.210
10.64   22.06 18.75 4.08 44.46
Ln
10.95   21.53 16.73 1.12 49.67 03
Table 5. Effects of exercise on the composition of plasma lipoproteins
% DISTRIBUTION (BY WT) RATIOS OF CONSTITUENTS tWT/WT)
FC1 CE TG PL TP FC CE TG PL TL
TP TP TP TP TP
VLDL
Exercise 11.52 10.4 55.B 10.4 11.9 1.7 1.5 7.1 1.5 11.9
+ 2.1 + 1.7 + 2.2 + 2.4 +3.5 +0.97 +0.77 + 3.1 +0.72 + 5.5
Control 16.4 5.2 63.8 4.4 10.2 4.0 1.4 13.6 1.1 20.2
+ 2.5 + 1.4 + 2.7 + 0.82 + 2.9 + 2.8 + 0.83 +7.3 + 0.72 + 11.6
LDL
Exercise 16.4 14.0 21.8 20.2 27.4 0.60 0.52 0.80 0.74 2.7
+ 1.3 + 2.7 + 1*6 + 2.4 + 1.1 + 0.05 +0.11 +0.08 +0.08 + 0. 15
Control 15.9 15.7 20.7 17.9 29.8 0.54 0.54 0.71 0.60 2.4
+ 0.53 + 1.0 + 2.7 + 2.0 + 1.2 + 0.03 + 0.05 +0. 11 + 0.07 + 0.13~
HDL
Exercise 4.1 10.8 7.4 28. 0 49.8 0. 08 0.22 0.14 0.56 1.0
+ 0.11 + 0.60 + 0.50 + 1.4 +0.94 +0.002 + 0.01 + 0.01 + 0.03 + 0. 04
~
Control 4.4 12.4 5.8 31.5 45.9 0. 09 0.27 0. 12 0.69 1.2
+ 0. 17 + 0.80 + 0.82 + 1.3 + 1.6 +0.0 06 + 0.03 + 0. 02 + 0.05 + 0. 09
FC, free cholesterol; CE, cholesteryl ester; TG, triglyceride; PL, phospholipid; TP, 




Several studies, employing numerous criteria to assess 
training effects, have documented the adaptability of 
miniature swine to chronic, dynamic exercise regimens 
[8,27,45]. The results obtained in this study (ie., 
significantly increased muscle citrate synthase and 
decreased resting heart rate) clearly indicate an enhanced 
cardiovascular and aerobic capacity. Increased levels of 
postheparin lipolytic activities further exemplify the 
adaptive response to endurance exercise.
As mentioned earlier, previous investigations with 
exercised swine were terminated after several months and 
resulted in relatively small changes in plasma lipids. The 
short duration and low intensity of these studies may have 
precluded their achieving the response threshold necessary 
to produce beneficial changes in lipoproteins [9]. After 
more than 2  years, the exercised swine in this study were 
significantly fitter and appeared much leaner than the 
sedentary controls; however, there were no significant 
changes in plasma lipids, apoproteins (Table 3) or 
lipoprotein compositions (Table 5) as a result of exercise. 
Physical activity of sufficient intensity and duration has 
pronounced effects on plasma lipids (viz., increased HDL-C 
and decreased triglycerides) which are associated with a 
decreased risk of atherosclerosis [21,46]. Although the
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magnitude of the changes we observed in plasma lipids were 
not statistically significant, the direction of those 
changes were all consistent with a reduction in coronary 
risk [6 ].
Recent studies in humans have suggested that the 
effects of endurance exercise on lipoprotein metabolism 
differ between males and females [47,48]; however, there are 
numerous conflicting reports. Although Moll et al.[49] 
showed no significant changes in HDL-C or triglycerides in 
endurance trained women, Rotkis et al.[50] and Farrell and 
Baboriak [51] found exercise to significantly increase HDL-C 
levels in women. Females are not utilized as often as males 
in exercise-lipoprotein metabolism studies [48], perhaps due 
to both a reduced training effect and large fluctuations in 
serum lipid levels. In order to adequately assess the blood 
lipid profile in premenopausal females, cyclic variability 
must be addressed. Plasma cholesterol concentrations have 
been shown to be inversely related to progesterone levels 
and can result in cholesterol fluctuations up to 50% during 
a 21-day estrous cycle in swine [25]. Although fluctuations 
of this magnitude were not observed in this study (ca. 15%), 
measures were taken to account for this cyclic variation by 
averaging blood lipid measurements over a consecutive four 
week period.
Although elevated HDL-C levels are the hallmark of the 
human endurance athlete [46] numerous investigations
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[10,11,52], including the present study, have failed to 
demonstrate a significant increase in HDL-C in exercising 
swine. Nevertheless, changes in total HDL-C may be 
effectively masked by reciprocal alterations in HDL2-C and 
HDL3 -C. Such were the findings of this study in which total 
HDL-C levels appeared to be elevated only slightly with 
exercise; however, HDL2-C levels rose four fold in the 
exercised animals. Subtle changes in the cholesterol
content of the HDL subfractions occurring as a result of 
exercise may reduce the risk of atherosclerosis without 
significant alterations in total HDL-C [21].
Even though our findings support several studies 
[17,53] that porcine HDL is relatively homogeneous and 
analogous in flotation patterns to the denser human HDL3  
subfraction (d = 1.125 - 1.210 g/ml), it appears that
exercise facilitated a shift in the distribution of HDL 
cholesterol to an HDL subfraction of a lesser density. The 
HDL2  subfraction may, in fact, be nonexistent in sedentary 
swine in which those mechanisms responsible for the 
metabolism of HDL 2  are less active [16]. Since a highly 
significant positive correlation exists between HDL-C, HDL2- 
C and lipoprotein lipase activity [5,16], it seems feasible 
that the 84% greater lipoprotein lipase activity observed in 
the exercised swine could potentiate the genesis of a 
cholesterol-enriched HDL particle of lesser density. Hence, 
HDL2  particles would be generated de novo by the enhanced 
hydrolytic action of lipoprotein lipase on triglyceride-rich
1
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VLDL. The nearly twofold increase in lipoprotein lipase 
activity may facilitate an accelerated flux of lipid from 
VLDL to HDL? thereby promoting the synthesis of HDL 
particles of a lesser density [16,48].
Physical exercise has been reported to increase the 
levels of HDL2 “C, which have been shown to be related 
inversely to the risk of atherosclerosis [20,54]. The rises 
in total HDL-C and HDL2-C correlated with exercise have been 
subsequently associated with concomitant decreases in plasma 
triglycerides (20%), VLDL-free cholesterol (30%) and VLDL- 
triglycerides (12.5%) [55]; all of which were observed in
this study. Furthermore, Shepherd et al. [56] have 
suggested that VLDL-triglycerides are inversely related to 
HDL2 -C, such that, any factor that causes a decrease in 
VLDL-triglyceride levels will mediate a rise in HDL2-C 
levels. Thus, HDL2-C appears to be correlated negatively 
with plasma triglyceride levels, as was observed in this 
study.
Although we demonstrated an 8 % rise in total HDL-C 
concomitant with a 2 0 % decrease in plasma triglyceride 
levels as a result of exercise, the magnitude of changes may 
have been attenuated for two reasons. First, as our data 
indicate, swine fed low cholesterol diets with high P/S 
ratios tend to have low basal lipid levels. Even though we 
clearly demonstrated training effects, initial lipid levels 
(total cholesterol and triglycerides) may have been too low
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to observe significant exercise-induced lipoprotein changes. 
As previously mentioned, greatly enhanced lipoprotein lipase 
levels appear to have mediated reciprocal alterations in HDL 
subfractions; however, these increased enzyme levels may 
simply be reflective of skeletal muscle adaptations and may 
not significantly alter overall lipoprotein metabolism. 
Second, females normally have higher basal HDL-C levels, 
and chronic training would tend to produce a lesser effect 
on total HDL-C [21,48]. Recent studies by Brownell et al. 
[47] clearly demonstrate that males and females differ 
markedly in their lipid and lipoprotein responses to 
exercise. Furthermore, since there appear to be not only 
threshold, but also dose-response aspects of exercise 
necessary to produce beneficial lipoprotein changes, factors 
such as frequency and duration must be considered when 
assessing the dynamics of exercise-induced lipoprotein 
changes [9].
HTGL has been shown to be intimately involved in HDL 
metabolism, especially in HDL subfraction interconversions 
and clearance by the liver [19]. Furthermore, HTGL activity 
has been shown to decrease with exercise; thereby eliciting 
an inverse correlation between HTGL and both HDL-C and HDL2- 
C levels in humans [20,57]. The physiological significance 
of the 66% greater HTGL activity observed in the exercised 
swine remains unclear at this time. Swine HDL metabolism is 
unique in that their HDL are not only relatively homogeneous 
and lack Apo A-II, the purported HTGL activator [42], but
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swine also have very low cholesterol ester transfer protein 
activity [58]. Equally perplexing is the fact that LCAT 
activity has been shown to decrease in exercised swine [59], 
whereas its levels normally increase with endurance training 
in humans [60], Thus, further investigations into the 
metabolic role of HTGL in the overall schema of swine HDL 
catabolism appears necessary in order to gain insight into 
the significance of HTGL changes with exercise.
Other mechanisms have been proposed to account for the 
relationships observed between exercise and lipoprotein 
metabolism. Endurance-trained athletes tend to be leaner 
than their sedentary counterparts. Although increased 
adipose LPL and HDL-C have been associated with weight loss, 
recent evidence [61] indicates that increased HDL-C levels 
which occur in exercise-trained individuals are independent 
of simultaneous weight loss. Therefore, the lower body 
weights of the exercise swine (ca. 10%) probably had no 
influence on HDL-C levels.
In toto. the results of this study suggest that 
alterations in lipolytic enzymes, especially LPL, are 
associated with subtle but significant changes in plasma 
lipids and lipoprotein composition which are consistent with 
decreased risk of atherosclerosis. In the absence of a 
treatment effect, one would expect equal probability of 
change in conformity with increased or decreased risk. 
However, the results show that, of the independent response
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variables measured, all but one (HDL Apo A-I) indicate a 
change suggestive of decreased risk. Although many of the 
changes observed were of a lesser magnitude than expected, 
the data does indicate numerous positive trends toward 
reputedly beneficial changes in plasma lipoproteins. Hence, 
regular physical activity may attenuate atherogenesis as a 
result of its direct effects on lipoprotein profiles; 
thereby, remaining consistent with the conclusions of 
Paffenbarger et al. [1] that physical exercise is associated 
with a reduced risk of coronary heart disease.
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PART TWO
THE EFFECTS OF ENDURANCE EXERCISE ON PLASMA 
LIPOPROTEINS IN YUCATAN MINIATURE SWINE. 




The effects of chronic, aerobic exercise on plasma low 
density lipoprotein (LDL) subclass composition and kinetics 
(turnover) were examined in female Yucatan miniature swine 
following more than two years of intensive training. 
Significant training effects were observed, as indicated by 
enhanced cardiovascular and aerobic capacities. Results 
obtained in this study clearly demonstrated the presence of 
heterogeneous LDL, which differed in lipid composition. 
Although LDLq^ triglycerides were significantly lower, 
exercise appears to have had no other effect on the chemical 
composition of these lighter, more metabolically active 
LDL^ However, other exercise-induced alterations were 
observed in the denser LDL2 subclass. Exercise resulted in 
a significant decrease in LDL2 triglycerides concomitant 
with a significant increase in LDL2 free cholesterol levels. 
Additionally, significant increases in the total lipid mass 
of LDL^ and LDL2 were observed in the exercised swine, 
perhaps reflecting alterations in lipolytic enzymes. 
Exercise had little effect on the fractional catabolic rates 
(FCR) or production rates of either subclass; hence, control 
and exercise data were pooled in order to better assess the 
kinetic characteristics of LDL^ and LDL2 in the swine model. 
It appears that LDL^ is the more metabolically active 
subclass since its FCR and production rate were 
significantly higher than LDL2. The results of this study 
suggest that exercise does produce alterations in LDL
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subclass composition, especially LDL2 ; however, since 
exercise did not change the kinetic properties of either 




Chronic aerobic exercise has characteristic effects on 
plasma lipids. Although total plasma cholesterol levels 
seldom vary significantly as a result of exercise [1], 
plasma high density lipoprotein-cholesterol (HDL-C) levels 
generally increase, while triglycerides decrease [2]. 
Reported effects of exercise on plasma concentrations of 
the more atherogenic low density lipoprotein-cholesterol 
(LDL-C) have been variable and inconsistent. Even though 
Wood and Haskell (3] found reductions in plasma LDL-C levels 
in humans following intense exercise, others have failed to 
demonstrate alterations in LDL-C, despite significant 
training effects [4]. Since total cholesterol primarily 
consists of LDL-C and HDL-C, subtle reductions in LDL-C 
coupled with elevations in HDL-C may be beneficial, and, can 
reduce the risk of atherosclerosis significantly [5].
Early investigations into the relationship between 
lipoproteins and exercise focused primarily on total plasma 
lipids and lipoprotein-cholesterol levels, especially HDL-C, 
since an inverse correlation exists between these levels and 
coronary heart disease [6], However, the increased usage of 
density gradient ultracentrifugation (7] has led to the 
realization that discrete subpopulations of lipoproteins 
that differ in size, composition and charge exist within the 
defined density limits of any given class (viz., VLDL, LDL, 
HDL ) [8], More recent studies have demonstrated that HDL of 
higher mammals are polydisperse [9] consisting of at least
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two subfractions (HDL2 and HDL3) , which appear to be 
influenced differently by exercise. Nye et al. [10] have 
shown that HDL subfractions are affected reciprocally by 
endurance training in humans. Hence, an exercise-induced 
rise in HDL2-C concomitant with a decrease in HDL3-C may not 
significantly alter total HDL-C levels; however, 
cardiovascular risk may be dramatically reduced [11]. 
Similar alterations in swine HDL subclasses resulting from 
exercise have been reported [12].
LDL have been clearly implicated in atherogenesis [5]; 
and, like HDL, also exhibit functional heterogeneity [13]. 
In a manner analogous to total HDL-C, compositional 
alterations in LDL subfractions may not be reflected in 
total LDL measurements, and, therefore, may not completely 
characterize the effects of endurance training on 
lipoprotein levels. Thus, in order to assess the effects of 
exercise on LDL concentrations, one must clearly delineate 
the composition and metabolic consequences of each 
subfraction.
Swine have been recognized as an excellent model in 
which to study the pathogenesis of spontaneous 
atherosclerosis, since the plasma lipoprotein profile of 
swine closely resembles that of humans [14]. Furthermore, 
swine LDL are also heterogeneous [15,16] and consist of at 
least two subclasses in the density range of 1.019-1.063 
g/ral whose physicochemical and kinetic characteristics also 
parallel those of humans [17,18]. Earlier studies in swine
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[19,20] recognized that compositional heterogeneity of LDL 
does exist, and may mediate kinetic heterogeneity, 
suggesting that different subfractions may have neither the 
same metabolic origins nor similar physiological 
significance. In fact, recent evidence [18] concluded that 
swine LDL are synthesized largely by the liver, and, do not 
result from the catabolism of VLDL as they do in humans. 
Hence, LDL may be derived from both VLDL-dependent and - 
independent pathways [21] which may partially account for 
LDL heterogeneity.
Even though elevated plasma LDL concentrations have 
been clearly identified as a risk factor for atherosclerosis 
[5], the relationship between LDL subclasses and coronary 
heart disease is not well understood. It has recently been 
suggested that not all subclasses of LDL are of equal 
atherogenic potential [21], and, that increased levels of 
the smaller, denser LDL2 may exacerbate the disease 
process. In fact, elevated levels of the lighter, LDL-l have 
been correlated with a decreased propensity for coronary 
heart disease [21,22]. Even less is known about the 
relationships between exercise and LDL subfraction 
composition and metabolism. Williams et al [22] recently 
demonstrated in humans that endurance exercise appears to 
lower the serum levels of the smaller, denser LDL2 particles 
concomitant with elevated levels of the lighter LDL^. Hence, 
as with HDL [10], exercise appears to have variable effects 
on the levels of LDL subclasses; however, whether these
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changes alter the kinetic characteristics of the LDL 
subclasses remains unknown.
Numerous investigations in humans [23,24] and swine 
[20,25] have described the kinetics of LDL metabolism 
utilizing labelled LDL in turnover studies. The basic 
kinetic parameter of most interest that is estimated from 
these studies is the fractional catabolic rate (FCR), which 
describes the catabolism of LDL due to both specific LDL Apo 
B/E receptors and non-receptor mediated pathways [26]. 
Since swine LDL are polydisperse, and exercise appears to 
modulate the physical properties of LDL subspecies [22], one 
can pose two questions: (1) Do both subfractions of LDL have 
similar kinetic properties (FCR and/or LDL apoprotein B 
production or synthetic rate)? and, (2) Does exercise play a 
role in altering the kinetic parameters of either or both 
subfractions of LDL so as to decrease their atherogenicity?
Although numerous studies have investigated the effects 
of exercise on the compositional and metabolic 
characteristics of HDL subclasses [3,10], few have attempted 
to relate long-term exercise training to the metabolism of 
LDL subfractions. Hence, the purpose of this investigation 
was to examine the composition and kinetic properties of LDL 
subfractions after a chronic, dynamic endurance exercise 
regimen of more than two years. Furthermore, increased 
levels of dietary fat and cholesterol have clearly been 
shown to affect the composition of lipoprotein subfractions, 
especially LDL [27]. Since the average American diet
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consists of 42% of calories as fat, the swine utilized in 
this study were fed diets containing 30% of the calories 
supplied as fat, which not only typifies more prudent 
dietary habits, but also eliminates any potential effects of 
genetic hypo- and hyperresponsiveness. Considering that the 
production and catabolism of LDL subfractions ultimately 
regulates total LDL concentrations, any changes in these 
parameters resulting from exercise would not only further 
our understanding of the role of LDL subclasses in the 
overall schema of lipoprotein metabolism, but also 
facilitate the characterization of the various LDL 




Eight one-year-old female Yucatan miniature swine were 
assigned randomly to either an exercise (n=4) or non­
exercise (n=4) group. Littermates were not assigned to the 
same group. Swine were housed in 60 sg. ft. pens (three per 
pen) under environmentally controlled conditions with ad 
libitum access to water, as described by Parsons and Wells 
[28]. Lighting was maintained in 12-hour cycles. All swine 
were fed approximately 800 g per day of a commercially 
blended 30% fat diet (Agway Feeds, Syracuse, NY) containing 
50 mg/kg cholesterol, 3,000 kcal/kg and a P/S ratio of 1.0; 
thereby, approximating the balance recommended in the U.S. 
dietary goals [29]. Animals used in this study were 
maintained in accordance with the Public Health Service 
Policy on humane care and use of laboratory animals as per 
the Guide for the Care and Use of Laboratory Animals. 
Protocols for animal use were reviewed, approved, and 
monitored by the University's Animal Care and Use Committee.
Exercise Protocol
Miniature swine were trained to run on motorized belt- 
type treadmills as previously described [30]. The exercise- 
trained animals were run at speeds designed to elicit heart 
rates of approximately 80% of their maximal heart rate as 
determined by stress tests. Speeds were adjusted regularly 
as the animals adapted to the training regimen. Training
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periods averaged 45 minutes per day, five times per week at 
speeds up to 9.5-10 km/hr (6.2 mph), and were continued for 
more than two years. Appropriate warm-up and cool-down 
periods were included in the total distances which averaged 
32 km (20 miles) per week per animal. Non-exercised animals 
were walked on the treadmill three times per week for five 
minutes, at a speed of 3 km/hr (2 mph). Resting heart rates 
were monitored periodically to assess the animals' response 
to the training program.
Blood Specimens
Following an overnight fast of 16 hours, blood samples 
for lipoprotein subclass preparations were collected from 
the anterior vena cava into EDTA vacutainers (1.5 mg/ml), 
and placed on ice immediately. After plasma was separated 
by low speed centrifugation (1,500 x g) at 4°C, 0.05 mM
phenylmethylsulfonylfluoride (PMSF; Sigma Chemical Co., St. 
Louis, M0) and 0.05% sodium azide (NaN3) were added to 
inhibit proteolytic and microbial activities throughout the 
extended protocol.
Separation of LDL Subclasses
The isolation of LDL-l (d = 1.027 - 1.052 g/ml) and LDL2 
(d = 1.052 - 1.063 g/ml) required a combination of
differential and density gradient ultracentrifugation [31]. 
Total plasma lipoproteins were concentrated first by 
ultracentrifugation of whole plasma adjusted to a background 
density of 1.21 g/ml in a Beckman 70.1 Ti fixed angle rotor
83
for 24 h at 70,000 rpm (350,000 x g) and 10°C. The top 2.5 
ml fraction containing all the lipoproteins was removed by 
tube slicing and increased to a density of 1.25 g/ml with 
solid KBr. Four and a half ml of the concentrated 
lipoprotein solution of density 1.25 g/ml was overlayered 
with a 1.10 g/ml KBr solution and then distilled water in 
equal volumes to fill the tube. Following centrifugation 
to equilibrium (24 h) at 10°C in a Beckman SW 41 rotor at 
40,000 rpm (200,000 x g) , LDL-l and LDL2 fractions were 
collected by aspiration. Porcine LDL is pale yellow and can 
easily be identified in the gradient; however, tubes 
containing lipoproteins prestained with a 0.1% solution of 
Sudan Black in ethylene glycol were used as references to 
confirm the locations of unstained lipoproteins [32].
All isolated lipoprotein fractions were dialyzed 
overnight at 4°C against 4 liters of a 0.9% NaCl solution 
containing 0.01% EDTA and 0.05% NaN3 at pH 7.0.
The purity of the LDL subclasses was ascertained by 
12.5% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) [33]. Subclass fractions were 
found to contain only apoprotein B with no detectable 
apoprotein E or albumin.
Analytical Methods
Total lipoprotein-protein determinations were performed 
using a modification [34] of the Lowry method [35] with 
bovine serum albumin (fraction V; Sigma Chemical Co., St. 
Louis, MO) as a standard. Cholesterol [36] and
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triglycerides [37] were quantified by enzymatic methods. 
The measurement of unesterified cholesterol was performed by 
omitting the cholesterol esterase from the enzymatic reagent 
above [36], Phospholipids were quantitated utilizing a 
Phospholipid Test Set (# 948000, Boehringer Mannheim
Diagnostics, Indianapolis, IN).
Radioiodination
Radioiodination of LDL^ and LDL2 was performed by the 
iodine monochloride method of MacFarlane [38] as modified by 
Bilheimer et al [39]. Utilizing this method, aliquots of 
LDL-^  and LDL2 at protein concentrations of approximately 1- 
3 mg/ml in 0.15 M NaCl, pH 7.4, were labelled with carrier- 
free (131I) and (125I) sodium iodide, respectively (New 
England Nuclear, Boston, MA) . Free iodine was removed from 
the 131I-LDL1 and 125I-LDL2 preparations by exhaustive 
dialysis against 4 liters of 0.15 M NaCl, pH 7.4. Labeled 
lipoprotein solutions were stored in plastic vials at 4°C 
and used within five days.
Protein-bound radioactivity was assessed by 
precipitation of an aliquot of the labeled lipoprotein 
mixture with 10% (v/v) trichloroacetic acid (TCA) [40]. All 
labeled infusion mixtures were found to be greater than 98% 
TCA-precipitable. Lipid labeling constituted less than 5% of 
the total incorporated radiolabel.
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Lipoprotein Turnover Studies
Swine were fasted 16 hrs prior to each study. One ml 
of a mixture containing approximately 50 uCi each of 131i- 
LDL-l and 125I-LDL2 was infused via an indwelling catheter of 
the lateral or medial auricular vein, and chased immediately 
by 10 ml physiological saline. Azaperone (Stresnil, Pitman- 
Moore, Inc. Washington Crossing, NJ) or halothane was 
administered briefly while inserting the catheter and 
infusing the radiolabeled mixture. Following injection, 10 
ml blood samples were collected from the anterior vena cava 
in heparinized vacutainers at 10 minutes (to determine 
initial level of radioactivity and to calculate plasma 
volume by isotope dilution), 2, 5, 9, 14, 20, 27 and 34
hours. Swine remained fasted for 6-8 hours post injection. 
Plasma was separated by low speed centrifugation (1500 x g).
Thyroidal uptake of radiolabeled iodide was inhibited 
by the oral administration of KI, 300 mg/day, for seven days 
prior to the injection of label, and for the duration of the 
study.
131I and 125j radioactivity were determined 
simultaneously using a Packard Multi-Prias dual channel 
gamma ray spectrometer (Packard Instrument Co., 
Downersgrove, II.). Correction was made for spillover of
131I radioactivity into the 125i channel (approximately 
25.7%). Counting efficiencies of 125i and 131l were 75% and 
29%, respectively. All turnover data were corrected for free 
iodine content in the plasma for the duration of the study.
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Kinetic Analyses
The radioactivities in the plasma samples were 
expressed as a fraction of the total radioactivity infused, 
as determined by the counts obtained 10 min after tracer 
administration. Plasma decay curves were constructed, 
extrapolated to infinite time, and the fractional catabolic 
rates (FCR hr-1) were calculated as the reciprocal of the 
area under the decay curve [41,42], Production (synthetic) 
rates were calculated using the FCR and the LDL pool size 
(protein concentration) as described by Langer et al [43] 
(see table 3 for calculations).
Statistical Analyses
Differences between group means of the subclass 
composition constituent ratios (table 1) , as well as the 
fractional catabolic rates, pool sizes (protein 
concentrations) and production rates of LDL subclasses 
(table 3) were analyzed using a Student's t-test [44].
87
RESULTS
As expected, the exercise protocol employed produced 
significant training effects as measured by several indices 
of cardiovascular and aerobic capacity. Resting heart rates 
were significantly lower (55.8 + 3.4 bpm vs. 71.4+5.4) in 
the exercised swine, and citrate synthase activity in the 
biceps femoris muscle was found to be significantly higher 
(22.48 + 1.57 mM citrate/min/gm vs. 17.46 + 1.48) in the 
exercise-trained group [12].
COMPOSITIONAL PROPERTIES
The influence of exercise on the composition of LDL^ 
and LDL2  is shown in Table 1. Although triglycerides were 
25% lower in LDL1 as a result of exercise, the remaining 
distribution of lipids and protein in the LDL^ subfraction 
were relatively unaffected. It appears that the greatest 
effects of exercise were manifest in the lipid components of 
the LDL2 subfraction. LDL2 from the exercised swine 
contained 20% more free cholesterol and 16% more cholesteryl 
ester (p<0.20), with 32% less triglyceride. The constituent 
ratios for these factors followed similar patterns.
The effects of exercise on total lipid, total protein 
and total mass of LDL-l and LDL2 are shown in Table 2. The 
compositional alterations observed in the LDL subclasses 
generally reflect the mass data, especially for total lipid. 
Exercise resulted in significant increases in total lipid 
(free cholesterol, cholesteryl ester, triglyceride and 
phospholipid) and protein mass of LDL^ and LDL2 . Similar to
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the compositional analyses, the greatest impact of exercise 
appears to have been in LDL2, whose total mass was more than 
twofold greater than controls resulting primarily from the 
116% increase in total lipid.
KINETIC PARAMETERS
Exercise had little effect on the fractional catabolic 
rate (FCR) , pool size (LDL Apo B protein concentration) or 
the production (synthetic) rates of LDL^ or LDL2 (Table 3) . 
There were no significant differences between any of the 
above parameters when compared either within treatment (LDL1 
vs. LDL2) or between treatments (LDL-^  vs. LDL-j^  or LDL2 vs. 
LDL2) .
Since there was not a significant effect (P < 0.05) of 
treatment on the FCR, LDL1 and LDL2 data from control and 
exercised groups were pooled (N = 8) in order to better 
assess the kinetic characteristics of each subclass in 
swine. The pooled FCR, protein concentrations and 
production rates of LDL^ and LDL2 are also shown in Table 3. 
LDL^ appears to be the more metabolically active subclass 
since its FCR and production rate was significantly higher 
than LDL2 (P < 0.05).
Plasma decay curves (graphic representation of the 
FCR's shown in table 3) of radiolabeled LDL subfractions 
were biexponential. Representative decay curves of 
radiolabeled LDL subfractions for exercised and control 
swine are shown in figures 1 and 2, respectively. Figure 3 
shows the plasma decay curve of radiolabeled LDL
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subfractions after exercised and control values (n=8) were 
pooled.
TABLE 1. EFFECTS OF EXERCISE ON LDL SUBCLASS COMPOSITION
% Distribution (by Wt)________   Ratios of Constituents (Wt/Wt)
FC CE TG TP PL FC/TP CE/TP TG/TP PL/TP TL/TP
LDLj
2
Exercise 13.87 31.60 5.75 25.61 22.90 0.54 1.25 0.23* 0.90 2.92
+0.66 + 2.30 + 0.31 + 1.30 + 0.76 + 0.04 + 0.15 +0.00 +0.04 + 0.19— —1
Control 12.14 30.25 7.62 26.64 23.35 0.46 1.14 0.28 0.88 2.76
+0.62 + 0.60 + 0.35 + 0.56 + 0.37 +0.03 + 0.04 +0.01 +0.02 + 0.08
l d l2
Exercise 11.20 27.43 7.49 30.67 23.38 0.37* 0.91 0.24* 0.77 2.30
+ 0.47 + 2.40 + 1.00 + 1.60 +0.28 +0.02 +0.13 + 0.02 + 0.05 + 0. 18—— "
Control 9.38 23.55 11.06 32.04 23.97 0.29 0.73 0.36 0.74 2.12
+0.40 + 0.93 + 1.00 + 0.88 +0.50 + 0. 00 +0.05 + 0.04 + 0.01 + 0. 08
^FC, free cholesterol; CE, cholesteryl ester; TG, triglycerides; TP, total protein; PL, 
phospholipid; TL, total lipid.
2
Values are mean + SEM for 4 exercised and 4 control swine.
^Denotes significant differences between exercise and control, P < 0.05.
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Table 2. EFFECTS OF EXERCISE ON TOTAL LIPID, TOTAL PROTEIN 
AND TOTAL MASS OF LDL SUBFRACTIONS
SUBCLASS TOTAL LIPID1 TOTAL PROTEIN TOTAL MASS2
LDLX
EXERCISE 524.83 179.6 704.1
±38.1 +10.4 +46.1




EXERCISE 391.0 168.0 559.3
+60.0 +17.0 +76.6
CONTROL 181.0 86.3 268.1
+13.7 +8.3 +21.8
p<0.05
1Total lipid was derived from the averaged sums (N=4) of 
free cholesterol, cholesteryl ester, triglyceride and
phospholipid in mg/dl, and, are not corrected for recovery 
which averaged 92%.
2Total mass equals total lipid (mg/dl) plus total protein 
(mg/dl).
3Values represent mean + SEM for 4 exercised and 4 control 
swine.
TABLE 3* Effects of Exercise on the Kinetic Parameters of LDL^ and LDL^
Fractional Catabolic Rate Pool Size Production Rate
________ (Hr 1)_________ (Mg Protein/Liter Plasma) (Mg Protein/Hr/Liter Plasma)
LDL1 ldl2 LDLj ldl2 ldlx ldl2
Exercised3 0.124 0.093 88.15 51.4 10.46 4.83
+ 0.03 + 0.01 +7.9 + 13.6 + 2.2 + 1.5
Control3 0.135 0.120 108.27 60.95 15.20 7.44
+ 0.02 + 0.01 +32.0 +7.7 +5.9 + 1.1
Pooledb 0.130 0.106* 98.21 56.17* 12.83 6.14*
+ 0.01 + 0.01 + 15.7 +7.5 +3.1 + 1.0
Values are mean + SEM for 4 swine.
bValues are mean + SEM for 8 swine.
•
Denotes significant differences between pooled LDL ^ and DDL^ , P < 0.05. Pool size represents the 
LDL Apo-B concentration and was calculated as the plasma volume x plasma LDL^ or LDL^ protein 
concentration. Plasma volume was estimated by isotopic dilution from the 10 minute post 
injection counts of the metabolic turnover studies. Production rate equals the product of the 
FCR and the pool size of Apo-B in each LDL subclass.
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Figure l. Averaged plasma decay curves of radiolabeled LDL 
subfractions of exercised swine.
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Figure 3. Plasma decay curves of radiolabeled LDL sub­
fractions in which exercise and control values 





















FCR = 0.1300 *
0.03
0.17 20 272 5 149 34
TIME ( h r s )
99
DISCUSSION
The adaptability of miniature swine to chronic, dynamic 
exercise regimens has been well documented [45]. After more
than two years, the exercised swine in this study were
significantly fitter as indicated by enhanced cardiovascular 
and aerobic capacities [12], and appeared much leaner than 
their sedentary counterparts. Although total cholesterol 
levels varied little as a result of exercise, changes were 
observed in total HDL-C, and especially in HDL2-C levels 
[12]. Hence, exercise appeared to modulate the distribution 
of lipids between the HDL subfractions.
Structural heterogeneity of plasma LDL has been 
recognized for many years [46]; however, recent evidence 
suggesting kinetic heterogeneity has renewed interest in the 
physiologic and pathologic roles of LDL subclasses [24]. 
Although Williams et al [22] recently alluded to the 
variable effects of exercise on the physical properties of
LDL subfractions, the significance of these findings as they
relate to the kinetic characteristics of LDL subspecies 
remains unclear.
Results obtained in this study and others [15 ,16] 
clearly demonstrate the existence of discrete LDL subclasses 
in swine, which appear to differ in composition. 
Interestingly, not all swine LDL were found to be 
polydisperse, and, like humans [47], the propensity for 
polydispersity seems to be a function of both diet and serum 
lipid levels. Our data indicate subtle differences in
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exercise-induced alterations in subclass composition, with 
the lighter, more metabolically active LDLlf apparently the 
least influenced. Even though exercise resulted in a 25% 
decrease in LDL^ triglyceride levels, this undoubtedly 
reflects previously observed reductions in total plasma 
triglycerides [12]. Earlier studies [48] have shown that 
enhanced post-heparin lipolytic activities (viz., 
lipoprotein lipase) resulting from exercise greatly 
facilitate triglyceride clearance, thereby lowering total 
triglyceride levels.
Exercise appears to have had the greatest impact on the 
composition of LDL2 . The overall reduction in total 
triglycerides once again resulted in a significant decrease 
in LDL2 triglyceride levels; however, free and esterified 
cholesterol levels increased 20% and 16% (p<0.20),
respectively. HDL-C levels have been shown to be inversely 
correlated with coronary heart disease [6], and the rise in 
HDL-C and HDL2-C resulting from exercise has been well 
established [49]. Increased HDL has been purported to 
amplify the reverse cholesterol transport process [50], 
which may account for the decreased risk of atherosclerosis 
accompanying regular physical exercise [51], In accordance 
with previously proposed mechanisms [52], HDL plays a 
central role in the efflux of cholesterol from peripheral 
cells. Subsequent transfer of cholesterol to acceptor 
lipoproteins (VLDL remnants and/or LDL) completes the 
centripetal pathway; thereby, facilitating cholesterol
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removal. If this schema does, in fact, represent a disposal 
pathway, then the results of this study imply that LDL2 may 
be a more active acceptor of both free and esterified 
cholesterol from HDL, than is LDL1. Previous studies in
swine have shown that following the injection of 3H- 
cholesterol ester labeled HDL, a considerable amount of 
label appears in the LDL fraction (Stucchi and Terpstra, 
unpublished observations). The percentage of HDL
cholesteryl ester transferred to LDL is apparently directly 
correlated to HDL-C levels. Hence, the exercise-induced 
increase in HDL-C not only promotes an enhanced capacity for 
reverse cholesterol transport from peripheral tissues, but, 
moreso, appears to potentiate the transfer of cholesterol to 
acceptor lipoproteins. In addition, the more than twofold
increase in the total mass of LDL2 in the exercised swine
further substantiates the active role of this subfraction in 
inter-lipoprotein lipid transfer.
Since exercise had little effect on the FCR of either 
subclass (Table 3), the significance of the lipid 
alterations observed in LDL2 with respect to turnover rates 
remains unclear. However, it has recently been recognized 
that the catabolism of the lipid and protein moieties of Apo 
B-containing lipoproteins, although interrelated, may occur 
independently from one another [53,54]. Even though LDL.^  
appears to be cleared slightly faster than LDL2 in the 
exercised and control groups, both are more than 8 0-90%
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removed from the intravascular compartment within 24 hours 
(Figures 1 and 2) .
Similarly, exercise had little effect on the production 
(synthetic) rate of LDL-Apo B; however, by pooling the 
exercised and control data (Table 3), LDL^ appears to 
turnover considerably faster than LDL2• Furthermore, 
assuming steady state conditions, the production rate of 
LDL-^  is more than twice that of LDL2 , which in part, may 
account for the greater mass of LDL^. Since formation and 
catabolism of LDL subfractions synergistically regulates 
plasma concentrations, the results of this study indicate 
that the contribution of LDL^ to total LDL levels is greater 
than that of LDL2.
As previously mentioned, LDL may be derived from both 
VLDL-dependent and -independent pathways [21]. Additionally, 
recent data [55] suggests that large, light LDL-^  can be 
converted to the denser LDL2 subclass; however, the 
mechanisms underlying these conversions remains unclear. 
McNamara et al. [56] have reported that lipoprotein lipase 
may play a role in LDL subclass metabolism by promoting a 
more efficient catabolism of VLDL to LDL-^ . Hence, the 
enhanced lipoprotein lipase activity previously observed 
[12] in the exercised swine would promote increased 
concentrations (total mass - see table 2) of large, light 
LDLlf as well as HDL2, which were demonstrated by this study 
and others [22]. If LDL^  ^ were converted to LDL2 via a 
delipidation process, then the increased mass of LDL2
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observed in this study could be substantiated by increased 
LDL-l levels. If LDL2 were not derived from LDL-^ , then other 
exercise-induced mechanisms (viz., increased HDL and/or 
lecithin cholesterol acyltransferase) may explain the 
increased lipid mass of LDL2 (table 2) in the exercised 
swine. Therefore, increased lipoprotein lipase activity 
appears to be associated with numerous exercise-induced 
alterations in lipoprotein metabolism [13,22].
LDL Apo B/E receptor numbers also play a central role 
in the regulation of plasma LDL levels, especially since an 
inverse relationship exists between the FCR of LDL and 
plasma cholesterol concentrations [53]. Previously, the FCR 
for LDL had been thought to be an accurate index of LDL 
receptor activity in vivo [57]; however, the realization 
that only approximately two-thirds of the LDL is removed 
from the plasma by receptor-dependent mechanisms has made 
the extrapolation from FCR to receptor number less 
meaningful [58]. Exercise has been reported to increase the 
FCR of LDL [59], perhaps mediated by a thyroid-induced [60] 
enhancement of LDL utilization. Since exercise had little 
effect on the FCR of LDL-l or LDL2, it appears that those 
mechanisms which regulate LDL concentrations (viz., FCR 
and/or receptor numbers) are not influenced by exercise. 
However, since exercise apparently potentiates a shift in 
the distribution of lipids in HDL [12] and LDL subclasses, 
it seems likely that other exercise-induced mechanisms 
and/or pathways are operative to facilitate these shifts.
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Furthermore, the catabolic efficiency of LDL (FCR) can be 
influenced by diet and plasma lipid levels. High saturated 
fat/cholesterol diets resulting in elevated plasma lipid 
levels have been shown to substantially reduce the FCR 
[24,27]. If the swine utilized in this study consumed diets 
which "perturbed the system," then exercise may have had 
more of an effect on the catabolic efficiency of LDL. Total 
cholesterol levels averaging under 100 mg/dl (LDL-C < 40
mg/dl) observed in these swine [12] were apparently too low 
to be affected by exercise alone.
In conclusion, the results of this study indicate that 
exercise mediates subtle but significant alterations in the 
chemical composition of LDL subclasses, especially LDL2 . 
Furthermore, increased lipoprotein lipase activity resulting 
from exercise may play a key role in LDL subclass 
metabolism, especially LDL-^ Exercise clearly promotes 
increased levels (mass) of LDL^  ^ which have been associated 
with a decreased propensity for atherosclerosis in humans. 
Nevertheless, since exercise had little influence on the 
kinetics of LDL, the physiologic parameters that regulate 
the catabolism of heterogeneous LDL remain speculative. 
These data do, however, indicate a potential role of LDL2 as 
an acceptor of cholesterol from HDL, perhaps enhanced by the 
exercised-induced rise in HDL-C.
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PART THREE
EFFECTS OF ENDURANCE EXERCISE ON THE DISTRIBUTION 
OF APOPROTEINS E AND C IN VERY LOW DENSITY LIPOPROTEINS 
OF YUCATAN MINIATURE SWINE
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SUMMARY
The effects of chronic, endurance exercise on the mass
and distribution of apoproteins E and C in very low density
lipoproteins (VLDL) of Yucatan miniature swine were examined 
following more than two years of intensive exercise 
training. This exercise regimen produced significant 
training effects, as measured by several indices of
cardiovascular and aerobic capacity. Exercise appeared to 
have little effect on Apo E or Apo C, or any of their
isoforms, when expressed either as percentages of total VLDL 
apoprotein mass or as percentages of the mass of each class 
of apoprotein. Furthermore, the Apo E/C, Apo C-II/C-III and 
Apo E/C-III ratios were not influenced by exercise. However, 
by utilizing two-dimensional electrophoretic techniques, 
several previously unrecognized Apo C isoforms were detected 
which closely resemble human Apo C isoforms in isoelectric 
point and molecular weight.
INTRODUCTION
Elevated levels of low density lipoprotein-cholesterol 
(LDL-C) and/or decreased levels of high density lipoprotein- 
cholesterol (HDL-C) have been correlated with an increased 
risk of cardiovascular disease [1]. Most recent studies have 
correlated the beneficial effects of regular physical 
exercise with plasma lipids [2]; however, little attention 
has focused on exercise-induced changes in apoproteins 
(APO). Even though exercise has been shown to elevate
apoprotein A-I (Apo A-I) concentrations in HDL [3,4], 
numerous other apoproteins (e.g. Apo E and Apo C) that have 
been shown to play key roles in the metabolic regulation of 
lipoprotein metabolism have not yet been studied with 
respect to exercise. In fact, an epidemiological and 
clinical applications working group at a recent workshop [5] 
on apolipoproteins stated that "further studies of the 
effects of lifestyle on specific apolipoproteins are
recommended; these include specific nutrients, weight 
change, exercise and alcohol." Since apoproteins have been 
ascribed the role of "metabolic programmers" [6] of 
lipoprotein metabolism, it appears that alterations in the 
absolute levels or ratios of certain regulatory apoproteins 
may be more indicative of disease propensity than are lipid 
levels. In fact, it has been suggested that the apoprotein
moieties of lipoproteins may be better discriminators of
cardiovascular risk than their lipid counterparts [7,8]. 
Although these studies primarily addressed the predictive
1 1 4
correlations of Apo A-I of HDL and Apo B of LDL, recent 
evidence has suggested that since very low density 
lipoproteins (VLDL) are the likely precursor to the highly- 
atherogenic LDL, VLDL apoproteins may play significant roles 
in the regulation of atherogenic lipoprotein concentrations.
VLDL are synthesized and secreted by the liver, and 
function primarily to transport endogenous lipid to 
peripheral tissues (viz., muscle and adipose) for energy 
utilization and/or storage [9]. Although more than 50% of 
the lipid contained in VLDL is triglyceride, significant 
quantities of esterified cholesterol are also present [10], 
VLDL are catabolized in peripheral tissues as a result of 
their interaction with the endothelium-associated lipolytic 
enzyme lipoprotein lipase (LPL). VLDL-triglyceride
hydrolysis by LPL occurs in a stepwise manner, liberating 
free fatty acids and generating progressively smaller, more 
dense particles of substantially altered composition called 
VLDL-remnants or intermediate density lipoproteins (IDL) 
[6] .
Human VLDL contain several apoproteins including Apo B- 
100, Apo C (C-II and C-III) and Apo E. The function of Apo 
B-100 in VLDL appears to be structural; however, Apo C and 
Apo E have been shown to play a key regulatory role in VLDL 
catabolism [11]. Apo C-II is an obligatory cofactor of LPL, 
and, as such, mediates lipolysis of VLDL [12]. The absence 
or genetic alteration of Apo C-II in humans results in 
marked hypertriglyceridemia [13]. Human Apo C-III of VLDL is
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found in three basic sialylated forms (isoforms) which have 
been shown to contain 0, 1, or 2 moles of sialic acid
(neuraminic acid), and, are designated as Apo C-III0, C- 
III-L, and C-III2f respectively [12]. The isoforms of human 
Apo C-III are recognizable by isoelectric focusing on 
acrylamide gels at pH range of 4-6 and comprise 14%, 59% and 
27% of plasma Apo C-III, respectively [14]. Two principal 
regulatory functions have been attributed to Apo C-III. 
Recent studies have demonstrated that Apo E-dependent, 
receptor-mediated hepatic uptake of triglyceride-rich 
lipoproteins (VLDL and chylomicrons) and their remnants 
appears to be inhibited by increased levels of Apo C-III 
[15]. The presence of Apo C-III has been shown to 
effectively mask the receptor binding domains of Apo E, 
thereby preventing the interaction of these lipoproteins 
with hepatic receptors [6]. Furthermore, Apo C-III has been 
purported to impede the activities of LPL [16,17] and 
hepatic triglyceride lipase (HTGL) [14,18], resulting in 
reduced lipolysis of VLDL, and, moreso, VLDL-remnants. 
Therefore, the Apo E/C-III and C-II/C-III ratios of VLDL may 
play a crucial role in the regulation of VLDL catabolism 
[6].
The predominant C apoprotein of swine VLDL has been 
shown to be Apo C-II, which appears similar in migration 
[19], amino acid composition [20] and function [21] to human 
Apo C-II. Previous studies [20] have also demonstrated 
other minor C apoproteins in swine VLDL that co-migrate with
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human Apo C-I, C-IIIu^ and C-III2 ; however, the function of 
these minor C apoproteins has yet to be elucidated.
Like the C apoproteins, Apo E is intimately involved in 
the regulation of lipoprotein metabolism, since it plays an 
important role in the receptor-mediated hepatic uptake of 
VLDL and chylomicron remnants [22,23]. Apo E functions 
primarily as the recognition ligand for the LDL Apo B/E 
receptors on hepatocytes and numerous other cells [2 2 ]. In 
this capacity, Apo E has been purported to play a role in 
atherogenesis. Human Apo E also occurs in three major 
isoforms, Apo E2, E3 and E4 which are separated and 
identified by isoelectric focusing [22], Although Apo E 
polymorphism is genetically-controlled in humans, numerous 
minor sialylated isoforms exist. Apo E is first synthesized 
as sialo (fully sialylated) Apo E in the liver and 
subsequently desialylated in plasma to asialo Apo E [24], 
The extent of desialylation appears to mediate the function 
of Apo E since not all isoforms of Apo E have the same 
affinity for the LDL Apo B/E receptor [22].
As previously mentioned, VLDL-remnants or IDL have been 
shown to be an intermediary metabolic particle between VLDL 
to LDL, and, Apo E has been found to be the critical 
determinant of the interaction between IDL and hepatic Apo 
B/E receptors [6 ]. Hence, Apo E-mediated clearance of IDL 
ultimately regulates the plasma levels of the atherogenic 
LDL; and thereby, plays a major role in cholesterol 
homeostasis. Thus, the purpose of this study was to examine
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and characterize changes in VLDL apoprotein composition and 
distribution after a chronic, dynamic endurance exercise 
regimen of more than two years. Since very little 
information exists on the effects of exercise on apoproteins 
other than Apo A-I, any alterations in the level or 
distribution of key regulatory apoproteins (viz., Apo E and 
Apo C) or the ratios of Apo E/C, C-II/C-III or E/C-III of 
VLDL may further our understanding of their roles in 
lipoprotein metabolism. Furthermore, even though exercise 
has beneficial effects on plasma lipids [2 ] and has been 
purported to reduce the risk of atherosclerosis [25], the 





Nine one-year-old female Yucatan miniature swine were 
assigned randomly to either an exercise (n=4) or non­
exercise (n=5) group. Littermates were not assigned to the 
same group. Swine were housed in 60 sg. ft. pens (three per 
pen) under environmentally controlled conditions with ad 
libitum access to water, as described by Parsons and Wells 
[26]. Lighting was maintained in 12-hour cycles. All swine 
were fed approximately 8  0 0  g per day of a commercially 
blended 30% fat diet (Agway Feeds, Syracuse, NY) containing 
50 mg/kg cholesterol, 3,000 kcal/kg and a P/S ratio of 1.0; 
thereby, approximating the balance recommended in the U.S. 
dietary goals [27]. Animals used in this study were 
maintained in accordance with the Public Health Service 
Policy on humane care and use of laboratory animals as per 
the Guide for the Care and Use of Laboratory Animals. 
Protocols for animal use were reviewed, approved, and 
monitored by the University's Animal Care and Use Committee.
Exercise Protocol
Miniature swine were trained to run on motorized belt- 
type treadmills as previously described [28]. The exercise- 
trained animals were run at speeds designed to elicit heart 
rates of approximately 80% of their maximal heart rate as 
determined by stress tests. Speeds were regularly adjusted 
as the animals adapted to the training regimen. Training
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periods averaged 45 minutes per day, five times per week at 
speeds up to 9.5-10 km/hr (6.2 mph), and were continued for 
more than two years. Appropriate warm-up and cool-down 
periods were included in the total distances which averaged 
32 km (20 miles) per week per animal. Non-exercised animals 
were walked on the treadmill three times per week for five 
minutes, at a speed of 3 km/hr (2 mph). Resting heart rates 
were monitored periodically to assess the animals' response 
to the training program.
Blood Specimens
Following an overnight fast of 16 hours, blood samples 
for very low density lipoprotein (VLDL) preparations were 
collected from the anterior vena cava into EDTA vacutainers 
(1.5 mg/ml), and placed on ice immediately. After plasma 
was separated by low speed centrifugation (1,500 x g) at 
4°C, 0.05 mM phenylmethylsulfonylfluoride (PMSF; Sigma
Chemical Co., St. Louis, MO) and 0.05% sodium azide (NaN3) 
were added to inhibit proteolytic and microbial activities.
Preparation of Lipoproteins
VLDL were isolated by preparative ultracentrifugation 
[29], the procedure being modified as follows to minimize 
albumin contamination. Whole plasma with a background 
density of approximately 1 . 0 2  g/ml was first centrifuged for 
16 hours in a Beckman 80 Ti fixed angle rotor at 40,000 RPM 
(115,000 x g) and at 4°C. The top 2 ml was collected by 
aspiration and contained predominantly VLDL, since plasma
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from swine on our diets contains no detectable intermediate 
density lipoproteins [30], Approximately 4 ml of the VLDL- 
rich supernatant isolated from the initial spin was then
overlayered with a 1.006 g/ml NaBr solution to fill the
tube, and recentrifuged (washed) as above. The top 2 ml 
were removed by aspiration. The purity of each VLDL 
preparation was ascertained by both agarose gel (Paragon
Electrophoresis System, Beckman Instruments) and 12.5% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(12.5% SDS-PAGE) [31],
Sample Preparation
Isolated VLDL were dialyzed for 18 hours against 4 
liters of 10 mM ammonium bicarbonate, containing 0.05% NaN 3  
at 4°C. Aliquots of the VLDL preparations were then flash 
frozen in liquid nitrogen and lyophilized. This was followed 
immediately by delipidation in 5 ml of fresh chloroform-
methanol 2:1 (v/v) at 4°C as previously described [32]. The 
resulting apo-VLDL was dried under a stream of nitrogen and 
stored at -70°C until further analysis.
Analytical One-Dimensional Isoelectric Focusing (IEF^
The delipidated apo-VLDL was resolubilized in 150 ul of 
0.01 M Tris-HCl (pH 8.2), containing 8  M urea and 3 0 mM 
dithiothreitol [13]. The sample was allowed to stand at room 
temperature for 30 minutes with intermittent gentle 
vortexing to ensure complete solubilization. Protein 
content was determined by the method of Sedmak and Grossberg
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[33]. First dimension separation (by isoelectric point) of 
VLDL apoproteins was carried out in 7.5% polyacrylamide IEF 
tube gels (3 x 125 mm) containing a mixture of ampholytes 
(Bio-Rad) of pH 4-6 and 5-7 in a ratio of 4:1 (v/v), which 
were prepared and electrofocused as described by o'Farrell
[34]. Apo-VLDL mixtures containing 40 ug total protein were 
applied to each tube gel. Each run consisted of six tube 
gels for each sample, two of which were fixed for 6  hours at 
room temperature in 12% trichloroacetic acid (TCA), stained 
for 3 hours at room temperature in 0.03% Coomassie G-250 in 
3.5% perchloric acid and destained for 7 days in 10% acetic 
acid [35], After destaining was complete, gels were scanned 
at 600 nm using a Helena densitometer equipped with a Quick- 
Quant II area integrator. Of the remaining gels, two were 
equilibrated for two-dimensional SDS-PAGE (see below) and 
frozen at -7 0°C, while the others were used to establish the 
pH gradient of the gel (see below) for subsequent 
isoelectric point (pi) determinations of the VLDL 
apoproteins.
Human and swine VLDL apoproteins were compared by IEF 
as previously described [32] utilizing vertical mini-gels 
(Bio-Rad). Apo-VLDL samples (human and swine) were prepared 
as described above.
Determination of Isoelectric Points
PI values for VLDL apoproteins were determined after 
slicing focused tube gels into 4 mm sections and soaking 
each segment in l .o ml of degassed distilled water for 1
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hour, followed immediately by a pH measurement. Broad range 
(pi 4.6-9.6 ) prestained IEF standards (Bio-Rad) were used to 
confirm pi gradients and to aid in correcting pi values for 
the increase in gel length caused by fixing and staining.
Two-Dimensional Gel Electrophoresis
Following IEF, tube gels for two-dimensional slab gel 
electrophoresis were equilibrated for 2 hours at 37°C in 20 
mM Tris-HCl (pH 6 .8 ) containing 2% SDS, 2 mM Na 2 ETDA, 80 mM 
dithiothreitol and 10% sucrose [36] and either run 
immediately or stored at -70°C. The second dimension was 
run in an SDS-polyacrylamide exponential gradient gel (10- 
2 2 %), and fixed-stained and destained as previously 
described [34]. Following destaining, second dimension slab 
gels were scanned with an LKB Model 2222-010 ultroscan-XL 
laser scanner densitometer. The molecular weights of Apo C 
and Apo E were calculated by their relative mobilities (rf) 
in the gel as compared to standards of known molecular 
weight (Bio-Rad) [37].
Neuraminidase Modification of VLDL
Apo-VLDL was desialylated using neuraminidase 
(Clostridium perfringens, Sigma Chemical Co.) in order to 
assess the effects of sialylation on electrophoretic 
patterns. Approximately 1 mg of Apo-VLDL protein in 1 ml of 
0.15 M NaCl and 0.02 M sodium acetate, pH 5.2 was incubated 
with 0.025 units of neuraminidase for l hour at 37°C [32]. 
Following desialylation, Apo-VLDL samples were dialyzed,
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lyophilyzed, delipidated and electrophoresed in 
dimensions as described above.
Statistical Analyses
Statistical differences between group means 
assessed by Student's t-test [38]. Square
transformation was performed on data expressed






The exercise protocol employed produced significant 
training effects as measured by several indices of cardio­
vascular and aerobic capacity. Resting heart rates were 
significantly lower (55.8 + 3.4 bpm vs. 71.4 ±  5.4) in the 
exercised swine. Furthermore, citrate synthase (a key rate- 
limiting enzyme of aerobic fuel utilization) activity in the 
biceps femoris muscle was found to be significantly higher 
(22.5 ± 1.6 mM citrate/min/gm vs. 17.5 ± 1.5) in the
exercised group [30]. The aforementioned parameters, and 
others [39], attest to the adaptability of miniature swine 
to chronic, dynamic exercise.
Analytical One-Dimensional Isoelectric Focusing
Separations of VLDL apoproteins by IEF on tube gels 
showed similar patterns between the exercised and control 
swine (Figure 1) . The pi gradient utilized (pH 4-6) was 
optimal for resolving VLDL Apo E and Apo C on the same gel. 
Comparisons of densitometric scans of the tube gels did not 
reveal major differences in IEF banding patterns between the 
exercised and control swine. However, numerous apoproteins 
of very similar pi did not resolve in the first dimension; 
thereby, creating difficulty in interpreting the first 
dimension densitometric scans. For example, the band at pi 
4.88 (Figure 1) appears to be one apoprotein; however, the 
second dimension gel (2D) clearly reveals two proteins of 
the same pi, but different molecular weights (see below).
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In this case, the two-dimensional scan was utilized to 
delineate the relative contribution of each apoprotein to 
the total peak.
Two-Dimensional Slab Gel Electrophoresis
After separation by IEF, VLDL apoproteins (40 ug total 
protein) of the exercised and control swine were electro- 
phoresed on SDS slab gels providing a two-dimensional 
profile of the apoproteins.
Figure 2 shows a typical 2D slab gel. The exponential 
polyacrylamide gradient (1 0 -2 2 %) utilized produced good 
resolution of Apo E and Apo C. The complex patterns of Apo 
C and Apo E are the result of both charge and size 
differences of their various isoforms.
As mentioned above, numerous bands (isoforms) appeared 
in the 2D patterns which were not apparent in the IEF gels 
(see Figure 2) . High-resolution laser densitometry of the 
Apo E and Apo C banding patterns did not reveal major 
differences between the exercised and control swine. Table 
1  shows the effects of exercise on the relative distribution 
of Apo E and its isoforms in swine VLDL. No significant
differences were detected between exercised and control
swine for any of the three Apo E isoforms when expressed
either as percentages of total VLDL apoprotein mass or of 
total mass of Apo E. Similarly, Table 2 shows the effects 
of exercise on the relative distribution of Apo C and its 
isoforms in swine VLDL. Once again, no significant 
differences were detected between exercised and control
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swine for any of the three Apo C isoforms when expressed 
either as percentages of total VLDL apoprotein mass or of 
total mass of Apo C. Furthermore, since all first-dimension 
tube gels were uniformly loaded with 40 ug of Apo-VLDL, the 
relative mass of each class of apoproteins can be compared 
to the total Apo-VLDL mass. The comparisons of each class 
in this way revealed that exercise had little effect on the 
total mass of either Apo E (Table l) or Apo C (Table 2) .
Even though the distribution of Apo E and C isoforms, 
and, the relative mass of Apo E or C was unaffected by 
exercise (table 1  and 2 ), it is often the ratios of these 
apoproteins that ultimately regulates lipoprotein 
metabolism. Table 3 shows several key apoprotein ratios 
which have been shown to be critical determinants in 
regulating VLDL and IDL metabolism. No significant 
differences were detected between exercised and control 
swine for Apo E/C, C-II/C-III or E/C-III ratios.
Molecular Properties of Swine VLDL Apoproteins
Numerous similarities were detected between swine and 
human Apo C and Apo E. Since little information exists on 
these apoproteins in swine and no nomenclature convention 
exists for the isoforms of swine apoproteins, a schematic 
representation (Figure 3) of the 2D-PAGE patterns of swine 
and human VLDL apoproteins was constructed for comparative 
purposes. Several isoforms of Apo E, and especially those 
of Apo C, resemble the two-dimensional migration patterns of 
these apoproteins in humans. In fact, Table 4 shows that
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several human VLDL apoproteins (viz., Apo C-II, C-IIIq, c- 
C-III2  and E-3) have pi values and molecular weights 
which closely resemble those of swine VLDL apoproteins as 
determined by this study. Furthermore, Figure 4 shows that 
numerous human C isoforms, especially C-II, co-migrate with 
swine Apo C isoforms.
Neuraminidase treatment (sialic acid digestion) of 
swine Apo-VLDL did not alter the electrophoretic 
characteristics of Apo C. Two-dimensional electrophoreto- 
grams of neuraminidase treated samples revealed isoform 
patterns similar to untreated samples.
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Figure 1. First-dimensional polyacrylamide isoelectric
focusing tube-gels of exercised (a) and control 
(b) swine apo-VLDL. PI (pH) gradient over the gel 
















Figure 2. Representative two-dimensional SDS-PAGE slab gel 
of swine apo-VLDL. The swine C apoproteins, 
located in the lower left quadrant, correspond to 
human C apoproteins (see table 4 and figure 3) as 
follows: 1 to C-III_; 2 to C-II; 3 to C - I I I 4 to 
C-IIj; and, 5 to C-III2. The swine E apoproteins 
are located in the upper right quadrant. (MW, 





TABLE 1. EFFECTS OF EXERCISE ON THE RELATIVE DISTRIBUTION OF APO E AND APO E ISOFORMS IN
SWINE VLDL.
2Apo E-Mai Or
Exercise Control P < 0.05
% of Total3 17.4 + 2.51 12.8 + 1.7 NS
% of Apo E4 47.4 + 9.0 47.8 + 4.2 NS
Apo E-2
% of Total 7.8 + 2.2 5.3 + 1.5 NS
% of Apo E 19.3 + 2.9 17.6 + 2.5 NS
Apo E-3
% of Total 2.7 + 0.4 2.2 + 0.5 NS
% Of Apo E 8.5 + 0.8 7.0 + 0.8 NS
Total Apo 
Total Apo-VLDL 39.0 6.1 28.3 + 5.2 NS
1Mean + SEM for five exercised and four control swine.
2Refer to Figure 2 and Figure 3 for designations of Apo E isoforms.
^Represents % of Apo E-Major (E ) in total Apo-VLDL mass as determined by densitometric 
scanning of first dimension gels.
4
Represents % of Apo E-Major (E ) in total mass of Apo E as determined by densitometric 
scanning of first and second dimension gels.
5
Represents % of total Apo E in total Apo-VLDL or total mass of Apo E/total mass of 
Apo-VLDL.
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TABLE 2. EFFECTS OF EXERCISE ON THE RELATIVE DISTRIBUTION OF APO C AND APO C ISOFORMS IN
SWINE VLDL.
Apo C-I2(C-IIIo)
Exercise Control P < 0. 05
% of Total3 5.4 + 0.81 7.6 + 1.0 NS
% Of Apo C4 33.5 + 4.6 37.4 + 3.9 NS
Apo C-2 (C-II)
% of Total 8.4 + 2.7 13.2 + 3.8 NS
% of Apo C 47.3 + 6.9 56.9 + 5.5 NS
Apo C-3 (C-IIIj)
% of Total 1.4 + 0.8 0.2 + 0.01 NS
% of Apo C 2.7 + 0.9 1.1 0.3 NS
Total Apo C"* 
Total Apo-VLDL 16.6 + 3.0 21.9 + 4.2 NS
3Mean + SEM for five exercised and four control swine.
2
Refer to Figure 2 and Figure 3 for designations of Apo C isoforms.
^Represents % of Apo C-l in total Apo-VLDL mass as determined by densitometric 
scanning of first dimension gels.
4
Represents % of Apo C-l in total mass of Apo C as determined by densitometric scanning of 
first and second dimension gels.
^Represents % of total Apo C in total Apo-VLDL or total mass of Apo C/total mass of 
Apo-VLDL.
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Table 3. EFFECTS OF EXERCISE ON APO E/C, APO CII/CIII AND 
APO E/CIII RATIOS IN SWINE VLDL
RATIO EXERCISE CONTROL P<0.05
APO E/C1  2 . 7 ± 0 . 7 4  1.8 ± 0.6 NS
APO CII/CIII2  1 . 0 + 0 . 3  1.5 ± 0.4 NS
APO E/CIII3  4.8 ± 0.4 3.5 + 0.6 NS
Represents total mass of Apo E (E-M + E-2 + E-3) over the 
total mass of Apo C (C-l + C-2 + C-3). Total mass of Apo E 
and C determined by densitometric scanning of first 
dimension gels.
Represents total mass of Apo C-II (2) over the total mass 
of Apo C-III (C-l + C-3). Total mass of Apo C-II and C-III 
determined by densitometric scanning of first and second 
dimension gels.
Represents total mass of Apo E (E-M + E - 2  + E-3) over the 
total mass of Apo C-III (C-l + C-3).
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Figure 3. Schematic representation of th^ two-dimensional SDS-PAGE patterns of
typical swine and normal human VLDL apoproteins. (MW-molecular weight 
in kilodaltons; pl-isoelectric point).
Zannis and Breslow, 1985.
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TABLE 4. COMPARATIVE MOLECULAR PROPERTIES OF SWINE AND 






C-I ND6 — — 7.5 6.5K
C-II 2 (C-II) 4.8 8 7 8.7K 4.9 9K
C-IIIq 1 5.09 8 .8 K 5.0 9K
c -i i i 1 3 4.88 8 .8 K 4 .85 9K
c-iii2 5 4.72 8 .8 K 4 .65 9K'
C-IIi (?) 4 4.83 8.7K 4.57 9K
E-2 ND — — 5.89 34.2K
E-3 E-Major 5.94 3 6 K 8 6 . 0 2 34. 2K
E-3 3 ^ E-2 5.77 36K 5.89 34.2K
E ~ 3 2
ND — — 5.78 34. 2K
E-3 3 ND — — 5.68 34 .2K
E-4 ND — — 6.18 34.2K
■'■Normal human VLDL apoprotein nomenclature.
2See Figure 2 and 3. Swine apoprotein resembling human 
apoprotein electrophoretic characteristics.
3Isoelectric point —  determined by isoelectric focusing.
4Molecular weight in kilodaltons determined by relative mobility 
in SDS—PAGE.
5Zannis and Breslow [12].
6Not detected.
^Reported pi of swine Apo C-II is 4.82 [40].
®Reported MW of swine Apo E is 37K [41].
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Figure 4. Comparison of swine (a) and human (b) apoprotein c 
distribution by one-dimensional isoelectric 
focusing on mini-gel slabs.
-  C-lll





Effects of Exercise on Ap o E and C
Numerous studies [42] in humans have clearly 
demonstrated the beneficial effects of exercise on 
lipoprotein metabolism, especially high density lipoproteins 
(HDL). In an attempt to elucidate mechanisms underlying 
these effects, more recent investigations [43,44] have 
focused on the regulatory moiety of lipoproteins, the 
apoproteins. Even though these studies primarily correlated 
the apoproteins of HDL (Apo A-I and A-II) with exercise, 
their findings suggested that concentrations of certain 
apoproteins can be influenced by exercise. Furthermore, 
since many apoproteins play regulatory roles, exercise- 
induced changes in their levels may underlie many observed 
alterations in lipoproteins resulting from exercise.
Previous investigations in humans [44] and rats [45] 
have shown that serum concentrations of Apo E are not 
affected by endurance training under normolipidemic 
conditions. However, exercising hyperlipidemic and/or obese 
rats has been shown to reduce the levels of VLDL - Apo E, as 
well as VLDL lipid levels [45]. These findings suggest that 
exercise has little effect on VLDL apoprotein distribution 
under normal metabolic conditions (ie., lipid levels and 
weight). The results obtained in this study support 
previous findings in humans and rats [44,45] that endurance 
exercise does not significantly affect the relative
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distribution and total mass of VLDL - Apo E under
normolipidemic conditions (Table 1). Also, the isoform 
patterns of Apo E remained relatively unchanged by exercise; 
thus, little information was gained regarding the effects of 
exercise on isoform distribution. Since the lipid levels of 
the swine in this study were low [30], exercise alone may 
not have represented a challenge of sufficient magnitude to 
alter total Apo E mass.
Since little information exists on swine apoprotein C,
and none was located relating Apo C and exercise in any
species, comparative conclusions cannot be drawn. However, 
similar to Apo E, exercise had little effect on the relative 
distribution and total mass of Apo C and its isoforms (Table 
2). Previous studies in humans [46,47] have shown that 
dietary alterations in the levels of carbohydrate and fat 
which result in hyperlipidemia can significantly alter C 
apoprotein levels. Furthermore, these studies have shown 
that the degree of sialylation is also affected by diet. 
Since swine Apo C isoforms do not appear to be the result of 
sialylation [2 1 ], and, since the swine utilized in this 
study were not challenged by unusually high fat diets, 
exercise alone was apparently not enough stimulus to invoke 
a change.
As mentioned previously, Apo C-III may play a key
physiologic role in regulating LPL and HTGL activity, 
thereby modulating triglyceride flux [16]. since the 
distribution and levels of the Apo C-III-like apoproteins
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identified in this study (Figure 3) did not change as a 
result of exercise, even though LPL and HTGL activities rose 
significantly [30], it appears that these apoproteins play 
no apparent regulatory role in enhanced VLDL catabolism in 
exercised swine. Hence, alternative mechanisms may underlie 
the regulation of these key lipolytic enzymes. Furthermore, 
since Apo C-II has been shown to be an obligatory cofactor 
of LPL [12], and C-II mass was not influenced by exercise, 
it implies that the underlying mechanisms initiating the 84% 
rise in LPL previously observed [30] do not involve changes 
in Apo C-II.
The fractional catabolic rate of VLDL has been shown to 
be approximately threefold faster in swine than in humans 
[48], which has been attributed to differences in VLDL 
apoprotein composition. In contrast to the purported 
inhibitory role of Apo C-III in human VLDL lipolysis, the 
rapid rate of VLDL turnover in swine may result from the 
occurrence of lower levels of C-III [19,48]. Hence, as 
previously mentioned, the regulation of VLDL catabolism in 
swine may not be related to Apo C-III since differences were 
not apparent [2 1 ].
Although absolute levels (mass) of key apoproteins can 
be useful indicators of lipoprotein metabolism [6 ], these 
values can often be misleading, especially since certain 
apoproteins have been shown to mask or inhibit the 
activities of others. As previously mentioned, Apo C-III has 
been shown to impair VLDL catabolism by reducing LPL
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activity, and, by inhibiting Apo E-dependent hepatic uptake 
of VLDL-remnants. Hence, the Apo C-II/C-III or Apo E/C-III 
ratios may be more meaningful values by which to assess VLDL 
lipolysis [15]- Ideally, a reduction in total Apo C mass or 
an increase in total Apo E mass would facilitate Apo E- 
mediated hepatic clearance of VLDL-remnants, resulting in 
decreased levels of the more atherogenic LDL. The results of 
this study appear to indicate that exercise had little 
effect on the ratios of these key indices of lipoprotein 
metabolism (table 3) . The swine utilized in this study 
consumed "prudent" diets and had normal plasma lipids [30], 
Since alterations in the levels of these apoproteins has 
been shown to be related to diet and plasma lipid levels 
[46,47], this may partially explain the fact that exercise 
alone had little influence on the ratios.
Molecular Properties of Swine Ap o E and C
Earlier investigations [49] of swine VLDL apoproteins 
clearly demonstrated that even though Apo C-II was the 
predominant C apoprotein, other small molecular weight 
peptides of the C family were present. Further studies 
[19,20] showed that at least two more C apoproteins that co­
migrated in 10% PAGE with human C - I I I a n d  C-III2  were 
apparent. In an attempt to identify these co-migrating 
apoproteins, Knipping et al. [21] isolated seemingly 
homogenous apoprotein C fractions by chromatofocusing (the 
elution of proteins from a Sephadex column by pi) . Their 
findings, as determined by the ability of each fraction to
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activate LPL and cross-react with anti-Apo C-II, purported 
that the co-migrating peptides were, in fact, isoforms of 
Apo C-II (Apo C-II-j^ ) and not Apo C-III. Since Apo C-II 
polymorphs capable of activating LPL have been demonstrated 
in humans [50], Knipping's [21] assumptions appeared valid. 
Preliminary one-dimensional IEF data from this study 
initially corroborated these previous findings, especially 
when human Apo-VLDL was co-electrophoresed with swine 
(figure 4). However, when swine Apo-VLDL that had 
previously been separated by one-dimensional IEF was 
subjected to two-dimensional electrophoresis, an entirely 
different banding pattern emerged. Numerous bands which 
appeared to represent one apoprotein by IEF, separated into 
two distinct bands in the second dimension. As previously 
mentioned, the single band at pi 4.88 (Figure 1) appears to 
represent two individual proteins of slightly different 
molecular weights whose properties resemble human Apo C-II 
and C-III^ (see Table 4). similarly, the band at pi 5.77, 
when resolved in the second dimension, represented two 
proteins. Although previous studies did recognize minor C 
peptides, these investigations may have overlooked several 
isoforms as a result of inadequate separation methods. 
First, 10% polyacrylamide gels do not yield optimal 
resolution of low molecular weight proteins of similar pi 
[37]. Linear or exponential gradient gels containing 
polyacrylamide concentrations of 20-30% have been 
successfully utilized to separate such proteins. Although
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IEF is a useful tool to separate divergent proteins, 
situations can arise, as was clearly demonstrated by this 
study, in which two or more proteins of very similar pi do 
not resolve. Thus, second-dimensional separation following 
IEF becomes a powerful qualitative and quantitative tool for 
separating complex patterns of closely related proteins
[34]. Furthermore, chromatofocused Apo C-II fractions 
contaminated with Apo C-III will still activate LPL and
cross-react with anti-Apo C-II [21]. Hence, it appears 
evident from this study (Figures 2 and 3) , that several
previously unrecognized isoforms of Apo C may exist in swine 
which are only separable by two-dimensional electrophoresis.
Interestingly, previous findings [19,21] support our 
data that neuraminidase treatment (sialic acid digestion) of 
Apo-VLDL did not alter the electrophoretic behavior of Apo C 
or E indicating that swine apoprotein isoforms, unlike 
humans, do not contain sialic acid. Further analysis [2 1 ] 
demonstrated that porcine Apo C does not contain any
carbohydrate.
Results obtained from this study indicate a striking 
qualitiative resemblance between the 2D-PAGE patterns of 
swine and human Apo C and E (Figure 3) . The molecular 
properties of swine Apo C-II determined in this study were 
in close agreement with those reported previously [40,41]; 
and, are remarkably similar to those of humans (Table 4) 
[1 2 ], which was not unexpected given the sequence homology 
of their amino acid compositions [20]. Furthermore, human
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Apo E-3, C-IIIq, C-III-j^ , and C-III2  migrate in patterns 
similar to swine Apo E and C isoforms isolated in this 
study. The striking resemblance of their molecular 
properties (Table 4) infers that these proteins are, in 
fact, analogous to human isoforms. However, further 
qualification, as could be demonstrated by immunospecificity 
to anti-Apo C-III, is required.
In toto. the results of this study suggest that the 
mechanisms underlying exercise-induced alterations in the 
lipolytic enzymes of VLDL catabolism do not appear to 
involve significant changes in any C apoproteins. 
Similarly, exercise had no significant effect on Apo E mass, 
indicating that the metabolic challenge of exercise alone 
was perhaps insufficient under normolipemic conditions to 
manifest major changes. Although a trend involving 
increased total Apo E and decreased total Apo C levels was 
apparent, which supported the increased Apo E/C ratio in the 
exercised swine, the degree of animal variation nullified 
the significance. This study did reveal several previously 
unrecognized Apo C isoforms which closely resemble human Apo 
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PART FOUR
THE EFFECTS OF ENDURANCE EXERCISE ON PLATELET 




The effects of chronic, endurance exercise on the 
magnitude and rate of platelet aggregation were examined in 
Yucatan miniature swine following more than two years of
intensive exercise. Significant training effects were
demonstrated, as measured by several indices of 
cardiovacsular and aerobic function. Exercise appeared to 
have little influence on the magnitude of collagen-
stimulated platelet aggregation. However, the rate of
aggregation (kinetics) , which has been shown to be a more 
sensitive indicator of platelet function, appeared to be 
reduced by 10% in the exercised swine. These kinetic
trends, although not statistically significant, suggest that 
exercise decreases the sensitivity of platelets to potential 




The role of blood platelets in initiating the sub- 
endothelial events characteristic of atherogenesis remains 
unclear [1]. Earlier theories [2 ] purported that a breach of 
endothelial integrity, resulting perhaps from a
hypercholesterolemic environment (increased low density 
lipoprotein-cholesterol —  LDL-C) promoted platelet adhesion 
to the normally non-thrombogenic endothelial surface [3]. 
Subsequent release of platelet-derived growth factors, 
concomitant with an increased rate of LDL infiltration, 
resulted in arterial smooth muscle cell proliferation,
extracellular matrix production and cholesterol
accumulation which initiated the formation of the
atherosclerotic plaque. Although this hypothesis has yet to 
be demonstrated in vivo, the platelet is known to play a 
central role in thrombotic events [4].
Complicated atherosclerotic lesions in coronary 
arteries no longer retain non-thromboplastic surfaces native 
to intact endothelium, and, as such, are capable of 
initiating platelet activation and adherence leading to 
arterial microthrombi [5] and ultimately myocardial 
infarction. Furthermore, there is also evidence suggesting 
that platelet function alone may regulate thrombogenesis, 
and that certain physiological and/or pathological states 
may impede the ability of platelets to aggregate [6 ]. Hence, 
hypoaggregability of platelets may be beneficial by
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ameliorating their response to potential agonists (viz., 
’•injured'1 endothelium of advanced atherosclerotic lesions) .
Numerous studies have demonstrated that regular 
endurance exercise is associated with a decreased risk of 
coronary heart disease [7,8]. Furthermore, recent animal 
studies have shown that moderate-intensity exercise resulted 
in a reduction in the magnitude of coronary atherosclerosis 
[9]. However, the mechanisms underlying these exercise- 
induced changes remain unclear. The effects of acute, 
strenuous exercise on platelet function is a matter of 
fundamental physiological interest, since increased
activation of platelets (hyperaggrebility) may be
responsible for ischemic cardiac attacks and sudden death 
during exercise [10,11]. Although earlier results were 
inconsistent, they appear to indicate that vigorous exercise 
promotes an acute increase in both platelet numbers and 
sensitivity [12]. Exercise-induced proaggregatory effects 
of acute exercise have been shown to produce myocardial 
ischemia in susceptible individuals [1 1 ].
Strenuous exercise of short duration results in 
numerous acute metabolic responses [13]; however,
homeostasis rapidly ensues following each bout. Conversely, 
chronic endurance exercise produces physiologic changes 
which tend to persist long after the exercise bout has 
ended. Hence, the differentiation between acute and chronic 
effects of exercise becomes important to our understanding 
of the mechanisms by which exercise reduces coronary risk.
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Although numerous studies have demonstrated the acute 
effects of exercise on platelet function [1 1 ,1 2 ], only 
limited data exists [14] addressing the persistent effects 
of endurance exercise on platelet aggregability. Thus, the 
purpose of this study was to examine changes in the 
magnitude and rate of platelet aggregation after a chronic, 
dynamic endurance exercise regimen of more than two years. 
Since platelets have been purported to play a key role in 
the pathogenesis of atherosclerosis [15], and, are 
undoubtedly the initiators of exercise-associated thrombotic 
events leading to ischemia and myocardial infarction, any 
changes in platelet function persisting after chronic 
exercise may further our understanding regarding platelet- 




Nine one-year-old female Yucatan miniature swine were 
assigned randomly to either an exercise (n=4) or non­
exercise (n=5) group. Littermates were not assigned to the 
same group. Swine were housed in 60 sq. ft. pens (three per 
pen) under environmentally controlled conditions with ad 
libitum access to water, as described by Parsons and Wells 
[16]. Lighting was maintained in 12-hour cycles. All swine 
were fed approximately 800 g per day of a commercially 
blended 30% fat diet (Agway Feeds, Syracuse, NY) containing 
50 mg/kg cholesterol, 3,000 kcal/kg and a P/S ratio of 1.0; 
thereby, approximating the balance recommended in the U.S. 
dietary goals [17], Animals used in this study were 
maintained in accordance with the Public Health Service 
Policy on humane care and use of laboratory animals as per 
the Guide for the Care and Use of Laboratory Animals. 
Protocols for animal use were reviewed, approved, and 
monitored by the University's Animal Care and Use Committee.
Exercise Protocol
Miniature swine were trained to run on motorized belt- 
type treadmills as previously described [18]. The exercise- 
trained animals were run at speeds designed to elicit heart 
rates of approximately 80% of their maximal heart rate as 
determined by stress tests. Speeds were regularly adjusted 
as the animals adapted to the training regimen. Training
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periods averaged 45 minutes per day, five times per week at 
speeds up to 9.5-10 km/hr (6.2 mph), and were continued for 
more than two years. Appropriate warm-up and cool-down 
periods were included in the total distances which averaged 
32 km (20 miles) per week per animal. Non-exercised animals 
were walked on the treadmill three times per week for five 
minutes, at a speed of 3 km/hr (2 mph). Resting heart rates 
were monitored periodically to assess the animals' response 
to the training program.
Preparation of Plasma
Following an overnight fast, 9 ml blood samples for 
platelet aggregation studies were collected from the 
anterior vena cava in a 1 0  cc plastic syringe and gently 
dispensed into a plastic tube containing 1  ml of 0 . 1 1  M 
sodium citrate. Samples were withdrawn slowly and tubes 
carefully inverted to avoid hemolysis or platelet 
activation. Animals were maintained free of any agents 
known to interfere with platelet function, and had not 
exercised for 24 hours.
Platelet rich plasma (PRP) was prepared by centrifuging 
the citrated blood sample at 150 x g for 5 minutes at 25°C, 
with the centrifuge brake off. PRP was transferred into a 
plastic tube and allowed to stand at room temperature for 60 
minutes before testing.
Platelet poor plasma (PPP) was prepared by 
recentrifuging the infranatant from the PRP preparation at 
1,500 x g for 20 minutes at 25°C. PPP was transferred to
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plastic tubes and allowed to stand at room temperature for 
60 minutes. All plasma samples were tested within two hours 
of blood collection.
Measurement and Analysis of Platelet Aggregation
Platelet aggregations were performed using a model PAP- 
2A Platelet Aggregation Profiler (Bio/Data Corp., Horsham, 
PA). Since adenosine diphosphate (ADP) and epinephrine were 
shown to be poor aggregating agents for swine platelets, 
collagen (bovine, 0.26 mg/ml final concentration; Bio/Data 
Par-Pak kit) stimulation was utilized to evaluate 
aggregation.
Collagen-stimulated platelet aggregation was quantified 
by determining total percent (magnitude) of aggregation. In 
addition, the rate of aggregation was measured since the 
kinetics of the aggregation reaction have been shown to be a 
more sensitive reflection of the biochemical events 
occurring during aggregation [19]. Individual aggregations 
were performed in triplicate over a two week period, and the 
averages of these values were subsequently used to determine 
means.
Differences between group means for percent aggregation 
and aggregation rate (Table 1) were analyzed using a 
student's t-test [2 0 ].
RESULTS
The exercise regimen employed produced significant 
training effects as measured by several indices of cardio­
vascular and aerobic capacity. Resting heart rates were 
significantly lower (55.8 + 3.4 bpm vs. 71.4 + 5.4) in the 
exercised swine, and citrate synthase activity in the biceps 
femoris muscle was found to be significantly higher (22.5 +
1 . 6  nM citrate/min/gm vs. 17.5 + 1.5) in the exercised group 
[21].
The influence of exercise on the percent and rate of 
aggregation are shown in Table l. The percent of 
aggregation was not significantly different between the two 
groups. Although the more sensitive aggregation rate 
decreased approximately 1 0 % as a result of exercise, the 
reduction was not significant at P < 0.05, perhaps due in 
part to the small number of animals and rather large 
variability between individual animals.
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Table 1. EFFECTS OF EXERCISE ON COLLAGEN-STIMULATED 
PLATELET AGGREGATION
GROUP % AGGREGATION AGGREGATION RATE 1
EXERCISE 67.4 + 2.32 25.5 + 1.3
CONTROL 66.6 + 1.0 28.0 + 2.7
PC0.05 NS NS
1) Aggregation rate represents the slope of the steepest 
portion of the aggregation curve, and, is calculated 
utilizing a Bio/Data slope reader.




Earlier studies relating platelet function and exercise 
focused primarily on those acute effects occurring during 
and immediately following strenuous physical exertion 
[10,11]. While these studies demonstrated that exercise does 
produce an acute proaggregatory condition which lasts for 
several hours, little emphasis was placed on any alterations 
in platelet function that remained past the acute phase. 
However, Rauramaa et al. [14] have shown recently that 
regular physical exercise in humans appears to initiate a  
long-term hypoaggregatory effect on platelets that persists 
for several days. Similarly, Ferguson et al. [22] have 
shown a direct correlation between aerobic capacity and 
fibrinolytic activity in humans, which peaked during 
exercise, possibly ameliorating exercise-induced hyper- 
aggregability in trained individuals.
The exercised swine utilized in this study clearly 
showed enhanced cardiovascular and aerobic capacities 
resulting in numerous exercise-induced biochemical and 
physiological changes [21]. However, platelet function, as 
determined by in vitro collagen-stimulated aggregation, was 
relatively unaffected. The magnitude (percent) of the 
aggregatory response to agonist was essentially equal 
between the exercised and control groups, but this value can 
often be misleading since time is not a factor in total 
aggregation. The rate of aggregation (kinetics), which is 
measured as a function of the slope of the aggregation
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curve, has been shown to be a more sensitive indicator of 
platelet function [I9]* Even though the 10% reduction in the 
aggregation rate demonstrated in this study was not 
significant at P < 0.05, the direction of the change appears 
to support our previous findings [2 1 ] in which several 
independent response variables changed in a manner 
suggestive of decreased risk of atherosclerosis. Since the 
slope of the aggregation curve is directly proportional to 
the aggregation rate, the steeper the slope, the faster 
aggregation occurs. In other words, a faster rate of 
aggregation indicates more sensitive platelets with enhanced 
adhesion properties and vice versa. Hence, the trend 
towards a reduction in the aggregation rate of the exercised 
swine indicates that their platelets are less likely than 
control platelets to aggregate with each other or interact 
with the vessel wall in response to equivalent stimuli.
Normal platelet aggregation in vitro is biphasic [6 ], 
The primary phase generally involves a change in platelet 
shape following stimulation, and is reversible. if the 
stimulus is strong enough, the morphological changes 
occurring in the primary phase promote platelet secretion of 
dense granules containing serotonin, ATP, ADP and calcium, 
which recruits additional platelets and initiates the 
secondary irreversible phase of aggregation, which 
facilitates thrombosis [6 ]. The results of this study 
support those of Rauramaa et al., [14], in that primary 
aggregation of platelets did not change as a result of
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exercise. Hence, the level of stimulus required to invoke 
a change in platelet morphology was similar in the exercised 
and control swine. However, their data showed that 
secondary aggregation (viz., dense granule release) was 
reduced by over 50% in exercise-trained humans. Thus, it 
appears that secondary aggregation may be attenuated by 
endurance exercise, and as such, require a greater or more 
potent stimulus to enter the irreversible phase. Since this 
study did not measure secondary aggregation, a crucial 
assessment of platelet sensitivity may not have been 
properly addressed. However, recent reports [5,19] suggest 
that kinetic measurements are reliable indicators of 
platelet sensitivity, and, platelets which tend to aggregate 
rapidly (hyperaggregable) usually do not require as potent a 
stimulus to enter the secondary phase. In toto , the kinetic 
trends observed in this study, although not statistically 
significant, suggest that exercise decreases the sensitivity 
of platelets to potential agonists. This effect may be 
beneficial in ameliorating atherogenesis.
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SIGNIFICANCE OF RESULTS
Numerous epidemiologic and prospective studies have 
strongly suggested that regular physical exercise offers at 
least partial protection from coronary heart disease (CHD); 
however, assessing the role of physical fitness in 
ameliorating CHD presents unique challenges. Since 
atherosclerosis is recognized as a complex disease of 
multifactorial etiologies, an absolute cause and effect 
relationship between physical activity and a decreased risk 
of CHD has been difficult to demonstrate in humans. 
Nevertheless, studies utilizing several exercised-animal 
models (viz., non-human primates and swine) have provided 
data in support of this hypothesis; and, more importantly, 
substantiated potential mechanisms which may underlie the 
protective effects of exercise.
Epidemiological studies (e.g., The Framingham Heart 
Study) have also clearly identified significant 
relationships between elevated plasma lipids and lipoprotein 
levels and the increased incidence of CHD. Even though 
exercise has been purported to reduce the magnitude of the 
more deleterious risk factors such as hypertension, obesity 
and smoking, the principal mechanisms underlying the 
beneficial physiologic effects of exercise appear to involve 
alterations in plasma lipoproteins. Consistent patterns have 
emerged from human and animal studies that have associated 
physical exercise with reduced levels of plasma 
triglycerides, VLDL, and perhaps LDL-C; whereas HDL-C,
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especially HDL2-C levels increase. The mechanisms for these 
reputedly beneficial changes in plasma lipoprotein levels 
appear to be strongly associated with increased lipoprotein 
lipase activity, which has been observed in endurance- 
trained humans and animals.
It has become clearly obvious from this study utilizing 
swine that plasma lipid measurements such as total 
cholesterol, total HDL-C and total LDL-C are too coarse, and 
may not adequately characterize the effects of endurance 
training on lipoproteins. HDL and LDL are both heterogenous, 
and are composed of at least two subfractions, neither of 
which appears to be of equal atherogenic potential. Recent 
evidence has clearly demonstrated that increased levels of 
HDL 2  and LDL3  (and not HDL 3  or LDL2) are inversely related 
to disease propensity. Furthermore, the recent realization 
that the exercise-induced rise in LPL may reciprocally 
affect levels of HDL and LDL subfractions (viz., increase 
HDL 2  and LDL^ while decreasing HDL3  and LDL2) which may not 
be reflected in total HDL or LDL measures has prompted 
investigators to begin searching for more subtle changes. 
Although exercise may only slightly alter total HDL-C, a 
small rise in HDL2-C concomitant with a reduction in HDL3-C 
may significantly reduce the risk of atherosclerosis. Our 
studies clearly demonstrated a four-fold increase in HDL2-C 
in the exercised group concomitant with a slight reduction 
in HDL3 -C; a reciprocal change undoubtedly potentiated by 
the significant rise in lipoprotein lipase observed with
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exercise. Hence, exercise appears to have facilitated a 
subtle, but significant shift in the distribution of lipids, 
especially cholesterol, to the less atherogenic HDL2  
fraction. Even though this slight rise in HDL2-C represents 
a change of less than 4% of the total cholesterol level, the 
protective effect could be highly significant.
Recent studies have also suggested that human 
populations with a preponderance of the lighter LDL^ 
subfraction may have a reduced proclivity toward premature 
CHD. Interestingly, just as females tend to have more HDL2  
than males, they are also more likely to have increased 
levels of lighter LDLlf* thereby, reducing disease risk. In 
fact, this recent finding may explain some of the well known 
sex differences in CHD risk. Studies in male endurance 
athletes have also demonstrated increased levels of LDL1  and 
HDL2 -C, both correlating highly with increased LPL. Results 
obtained in our studies in swine have clearly shown an 
increase in LDL^ mass resulting from exercise. In a manner 
similar to the exercise-induced changes in HDL, exercise 
appears to affect a particular subfraction of LDL (LDL^) 
without significantly changing total LDL lipid levels (cf. 
Part 1 - Table 5) . Hence, exercise potentiates a favorable 
risk-reducing lipoprotein profile (increased HDL2-C and 
LDLX) very much like that observed in premenopausal females. 
In addition to the well-known beneficial effects of exercise 
on hypertension and obesity, exercise may ameliorate the 
risk of premature CHD via subtle alterations in anti­
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atherogenic lipoprotein subfractions. Since exercise had 
little influence on either the clearance rates of LDL 1  or 
LDL2 , or on any key regulatory apoproteins, perhaps the 
exercise-induced shift in the distribution of lipids to less 
atherogenic lipoproteins, which clearly play a role in 
reverse cholesterol transport, is the central mechanism by 
which exercise attenuates premature CHD.
In summary, a compelling body of circumstantial 
evidence supports the concept that physical exercise can 
attenuate the progression of CHD. Some of the suggested 
mechanisms (viz., increased HDL2-C and LDL^) were 
substantiated by this study. Since exercise also serves as 
a catalyst in controlling numerous modifiable risk factors, 
a well designed, habitual exercise program that facilitates 
beneficial changes in plasma lipoproteins may be the key 
component in a lifetime of CHD prevention.
